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Abstract
Inorganic-mineral treatments are commonly applied to decayed stone substrates in order to
slow down the decay processes, through the partial transformation of the original stone
material of the substrate into newly-formed crystalline phases. The purpose of this study is to
explore the effects induced by a promising consolidating treatment based on diammonium
hydrogenphosphate (DAP) solutions on Noto limestone, a porous carbonatic matrix used as
ornamental stone in the south of Italy. The research findings, obtained combining water
absorption by capillarity measurements, mercury intrusion porosimetry (MIP) and
synchrotron radiation X-ray micro-computed tomography (SR-pCT), demonstrate that the

DAP consolidation induces apparent microstructural modifications of the stone in terms of
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porosity and pore size distribution, changing the capillarity absorption values and decreasing
the sorptivity speed. This study paves the way to a deeper investigation of the effects induced
by a wider range of conservation treatments to the 3D microstructural features of porous

geomaterials, by using an innovative multi-scale approach.
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Note for the print:

All the figures can be printed in black and white in the paper print of the research article.

Colours can be used in the digital version of the article.

1 Introduction

The carbonatic stones used in buildings and sculptures are particularly sensitive to the action
of the atmospheric agents, especially when carved and exposed in polluted urban
environments. Over time, these ornamental materials are affected by decay processes, leading
to decohesion and loss of material [1,2]. Consolidating treatments are commonly applied on
the stone surface to slow down the decay process and to restore the loss cohesion among
detached stone grains. In the wide scenario of available treatments for carbonatic stones, the
inorganic-mineral diammonium hydrogenphosphate (DAP) is considered one of the most
promising [3—8].

The DAP treatment, when applied in the form of water-based solutions to carbonatic
matrixes, penetrates inside the pores of the stone material, reacts with the substrate and forms
newly-formed phases directly within the stone matrix. It is reasonable to suppose that the
crystallization of these new phases leads to the modification of some of the properties of the
lithotype, e.g., microstructure, porosity and sorptivity. SEM and thin-section study under

transmitting-light microscope [9] are widely used methods for assesing the modifications
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induced by the consolidants to the stones, while physical and mechanical standard tests (UNI
EN 15886 [10], UNI EN 15801 [11], NORMAL 7/81 [12], NORMAL 29/88 [13], DRMS
[14]) are usually applied to evaluate the induced effects. Furthermore, the coupling of these
techniques with the mercury intrusion porosimetry (MIP) and the capillarity measurements
enriches the analytical datasets and supports the following research steps [8,15—18].

However, recent studies [8,19-21] highlighted that a multi-scale approach based on the
combination of “conventional” methods with advanced imaging techniques (e.g., neutron and
X-rays radiography and tomography) actually represents one of the best investigation option.
The X-ray micro-computed tomography (uCT) is known to be a highly valuable analytical
method to study the microstructure of stone materials [22], as it provides three-dimensional
(3D) information with an excellent spatial resolution (down to the sub-micrometer scale) in a
non-invasive way. Furthermore, it offers an overview of the 3D pore structure, including its
modification in terms of morphological and quantitative parameters. In the last few years, the
nCT has been widely used in conservation studies to investigate the relationship between the
structure and the properties of building materials (stones, concretes [23], mortars [24-26]),
their weathering/decay [9,27,28] and conservation [21,27,29-32].

The pCT studies can be carried out by using conventional X-rays sources as well as a
synchrotron radiation (SR) source, the latter providing several advantages in terms of quicker
acquisition time, better sensitivity and contrast, higher voxel size resolution and a general
reduction of image artifacts [33]. The synchrotron radiation X-ray micro-computed
tomography (SR-uCT) is potentially a powerful tool to study the effects induced by inorganic
consolidating treatments on the stone microstructure, as they penetrate by capillarity in the
pore network, impregnate the voids and modify the 3D pore system at the microscale [30]. It
follows that, thanks to the high SR-pCT voxel size resolution (generally down to 1-2 pm or
lower), it is possible to investigate the evolution of objects (solids, voids) at the scale of the
voxel size.

Here, the SR-uCT is used in combination with conventional methods, as determination of
water absorption by capillarity and mercury intrusion porosimetry, to investigate the
microstructural variations induced by phosphate-based consolidating treatments to the Noto
limestone, a porous carbonatic lithotype used as ornamental stone for facades and sculptures
in the south of Italy.

A critical comparison among these methods is discussed in order to evaluate their
peculiarities and complementarities to address scientific questions in the field of conservation

treatments applied to preserve porous stone materials.
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2 Materials and methods

2.1 Materials

The Noto limestone is a calcarenite outcropping in the Val di Noto (south-eastern Sicily) and
used as building stone for the elaborated Baroque monuments since ancient time [34-38].
Among the several varieties of porous limestones of the Iblean Plateau, the Noto Yellowish
Limestone variety was selected for the study. It is a biomicrite [38] mainly made of calcite,
with subordinate clay minerals, quartz and iron oxides, and high porosity (25-37 %) in the
range of the micro-pores [37].

A set of freshly quarried prismatic specimens (50x50%20 mm) were treated by poultice with
a 0.76 M DAP water solution (DAP CAS Number 7783-28-0, assay > 99.0%, reagent grade;
dry cellulose pulp MH 300 Phase, Italy; poultice ratio ~ 5:1 DAP solution: cellulose pulp). A
poultice layer of about 1-1.5 cm was applied on the specimen surface and a sheet of Japanese
paper was placed between the paper poultice and the stone surface, to prevent damages due to
the sticking of the poultice after drying. During the treatment, the specimens were wrapped in
a plastic film. After 2 h, the plastic film was removed and the specimens were left drying at
room temperature for 24 hours with the poultice on top. The poultice was then removed and

all the specimens were rinsed three times by immersion in MilliQ water and dried again.

2.2 Methods

A characterization was carried out by scanning electron microscopy coupled with energy
dispersive X-ray spectrometer (SEM-EDS, JEOL 5910 LV with tungsten filament coupled
EDS spectrometer IXRF-2000) and by X-ray powder diffraction (XRPD, Panalytical X'Pert
PRO X-ray powder diffractometer equipped with a Cu-Ko radiation) to check the
morphology and mineralogical composition, respectively, of the stone matrix before and after

the DAP treatment.
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Measurements of the water absorption by capillarity were carried out on the same specimens
before and after the DAP treatment, in order to explore the modification induced by the
treatment on the water uptake properties of the lithotype. The measurements, performed
accordingly with the European Standard UNI EN 15801:2010 [11], determine the water
absorption of the specimens in contact with deionised water through a multiple layer of about
1 cm of filter papers (specimens dried for 7 days at 60+£2 °C before the investigations,
experiments at room temperature in sealed boxes, measurements at regular steps: 10, 20, 30,
60 min, and 2, 4, 5, 24 h). The gravimetric increase is expressed as amount of absorbed water
per surface unit O (mg cm™), water absorption curves (Q over square root of the absorption

time) and capillary absorption coefficient C4 (mg (cm®\'s)™ [39].

Mercury intrusion porosimetry (MIP) is used to study the porosity of the lithotype and the
measurements were carried out with a Thermo Scientific mercury intrusion porosimeter
Pascal 140 + Pascal 240. MIP data are collected in the pore radii range 50-0.0037 pm (the
pressure can be varied 0.02 - 200 MPa), which comprises from mesopores to megapores
according to the TUPAC classification [40,41]. The volume resolution is 0.1 mm’® and
accuracy > 0.2 %. The pores are then subdivided in 20 pore size classes to describe the pore
size distribution and to evaluate the influence of smaller classes of pores on the total open
porosity. The Student’s t-test was carried out on MIP results to determine the degree of
similarity between the two datasets.

Due to the destructive nature of this technique (mercury impregnates the sample and a
complete removal of it after the investigation is not feasible; pressure exerted by mercury
porosimeter might occasionally generates spurious micro-cracks [23]), it was not possible to
repeat the MIP investigations on the same sample before and after the treatment; then, a first
set of 3 samples was analyzed to study the lithotype microstructure before the treatment and a

second group of 9 samples to highlight to modifications occurred after the crystallization.

Synchrotron radiation X-ray micro-computed tomography (SR-uCT) was used to investigate
the pore network and to explore the influence of DAP treatments on its 3D features. SR-uCT
investigations were carried out at the ID11 beamline of ESRF (European Synchrotron
Radiation facility; Grenoble, France). The hard X-ray imaging experiments were carried out
using a parallel monochromatic 25 keV X-ray beam. The samples were mounted onto a high-
resolution rotation stage and 1440 X-ray projections were acquired with constant angular step

over a 180° rotation, with a sample-to-detector distance of 80 mm (phase-contrast mode),

5
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exposure time/projection 1.5 s and effective pixel size of 0.9 pm. The scintillator screen used
to convert X-rays into visible light consists of a gadolinium oxysulfide layer of 60 um
thickness. The image on the scintillator was recorded with a Fast Readout Low Noise
detector (FReLoN), equipped with a 14 bit dynamic CCD camera and a 2048x2048 pixel
chip.

To reconstruct a 3D image of the specimens, the tomographic projections were elaborated
with the SYRMEP Tomo Project (STP), an open-source software tool designed for post-
beamtime use [42,43]. In order to enhance the reliability of morphological and quantitative
analysis of porosity, a single-distance phase-retrieval algorithm was used to increase the
contrast between solid portion and voids. The 2D reconstructed slices were pre- and post-
processed by using the ImageJ freeware software [44,45].

The segmentation (or binarization) of digital images was carried out in order to distinguishing
elements of the stone matrix (voids, calcite of the substrate, newly-formed phases), initially
detectable by their different grey values. During the process, the use of suitable thresholds
allowed to isolate the voids from the stone matrix and provided an estimation of the total
porosity. The segmentation resulted into binary images where similar elements are visualized
as sets of contiguous voxels. Filtering has been necessary to homogenize the images, to
enhance the contrast, to reduce the background noise of the reconstructed slices (which might
negatively affect the segmentation process) and to enhance the pores borders of the original
volume stacks [46,47].

The connected porosity was extracted from the segmented images using the tool “Find
connected regions” of the FIJI software. Isolated pores were extracted by the total porosity by
subtraction and separately analyzed.

The quantitative 3D image analysis of the porosity was carried out with the software library
Pore3D [46].

In order to analyze the basic textural features of the pore structure and the connectivity of the
pores, the following quantitative morphometric parameters of Minkowskii functionals were
obtained: i) the volume density (V,), a dimensionless parameter (0< ¥, <I) expressed as the
ratio of the number of voxels belonging to the object phase with respect to the total number
of voxels in the considered VOI. In this study, the object phase is the pores, thus V,
corresponds to the porosity; ii) the Euler characteristics (X,), a descriptor index of the
connectedness of a 3D pore network, indicating the number of connections between void

. . . 3 . ..
structures per unit volume. X, is expressed in mm™ and it is positive when the number of
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isolated pores exceeds the number of multiple interconnections between the pores or negative
for connected pore networks [48].

Several volume of interest (VOI) were selected assuming that the VOI is big enough to
enclose a representative amount of the sample heterogeneity (Representative Elementary
Volume, REV) [46,49]. The REV size was determined by using the box-counting method
[50], namely by studying the variation of the volume density for multiple concentric
increasing sub-volumes (Fig. 1a) and calculating the variability at each step in the form of a
dimensionless coefficient of variation Cv (arithmetic mean divided by the standard deviation)
[51]. In this study, representative 3D subvolumes of 300x300x300 voxels each
(corresponding to a cube of ~300 um side length) are initially extracted from the original
dataset, considering the criterion suggested by Zhang et al. [52], which defines the REV on

the basis that the mean reaches a reasonable plateau (Cv < 0.2) as shown in Fig. 1b.
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Fig. 1 (a) scheme, not in scale, of the REV size determination by using the box-counting method [46,49]. The
volume density (Vv, the ratio of the number of voxels belonging to the voids with respect to the total number of
voxels in the considered VOI) is the investigated variable to determine the REV. (b) REV determination by
plotting the coefficient of variation Cv, defined as the ratio of the arithmetic mean divided by the specimen
standard deviation, vs. the lateral size, a progressive and concentric number of voxels. A reasonable plateau is

reached for cubes of about 300 voxels per side

Skeletonization, a thinning procedure for a simpler visualization of the “backbone” of the
pore object, was carried out on the connected pores by applying the GVF algorithm [48,53].
As the skeletonization preserves the geometrical and morphological feature of the pore
object, the skeleton and its 3D volumes are used to investigate and visualize the actual
connectivity of the pore network.

The 3D renderings were obtained using the commercial software VGStudio 3.1.2.
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SR-uCT investigations were not carried out on the same specimen before and after the
consolidation as small samples (2x2x20 mm) are required in order to collect high resolution
datasets.

For these reasons, suitable fragments for MIP (7x7x2 mm) and SR-pCT (2%2x20 mm) were
sampled from the 50x50%20 mm specimens, before and after the DAP treatment. This
condition does not negatively affect the study, which is aimed at obtaining an overview of the
porous network modification trend induced by the treatment to the stone matrix

MIP and SR-uCT investigations are referred to the first 2 millimetres of the treated surface,
as the crystallization and the microstructure modification was found to be more apparent in

the portion of material closer to the treated surface (unpublished data).

3 Results

The reaction of DAP water-based solutions with calcite of Noto limestone promotes the
crystallization of calcium phosphates on pore walls, as assessed by the morphological
observations and by the elemental distribution of calcium and phosphorus (Fig. 2a-c). In
particular, the untreated lithotype shows neat grain boundaries, whereas the treated matrix
exhibits a crystal growth in dark grey values at the interface between the pores walls and the
voids. The newly-formed phases are calcium phosphates as revealed by the EDS
microanalyses of Fig. 2c, which display the well distinguishable formation of the Ca- and P-
bearing phases on the boundaries of calcite grains. The XRD analyses allow associating the
morphological features observed by SEM-EDS to the nature of the new phases, which are
mainly composed of poorly crystalline hydroxyapatite (X-ray diffraction peaks at ~ 3.43 A
(002), 2.77 A (112), 1.71 A (004), Fig. 2d) mixed with a lower faction of other calcium
phosphates (i.e., octacalcium phosphate, poorly crystalline ion-substituted apatite; the
potential composition of these phases has recently been discussed in the recent literature

[4,7,54,55].
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Fig. 2 SEM images of untreated (a) and treated (b) Noto limestone. In (a) the grain boundaries of calcite are neat
while in (b) the pore walls show irregular boundaries and the overgrowth of newly-formed phases in darker grey
value (pointed out by the arrows). The EDS microanalyses showed in (c) is carried out on a representative dark
grey area of the (b) image and displays the well distinguishable formation of the Ca- and P-bearing phases on
the boundaries of calcite grains. XRD pattern of the treated Noto limestone (d). Cal = calcite, Qtz = quartz, Ap =

apatite and calcium phosphates

3.1 Water absorption by capillarity

A comparison of the water absorption curves of Noto limestone specimens before and after
the DAP-based consolidation is plotted in Fig. 3, as the average of the measurements carried
out on 6 specimens. A modification after the application of the treatment is unambiguously
detected: the Q values (amount of water absorbed per surface unit, mg cm™) decrease after
the DAP treatment at each absorption time. At the end of the measurements, the treated
specimens show a total Q slightly lower than in the untreated specimens.

The capillary absorption coefficient CA (the curve slope) shows that the almost complete

saturation of the specimens is slower after the treatment. In fact, the plateau of the curve is

9
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reached in 35-42 s (~ 20-30 min) in the untreated stone and in 60 Vs (~ 60 min) in the
treated one.

The variation of the sorptivity properties is correlated to the porosity modification, which in
turn depends on the DAP reaction with calcite of pore walls. To explore these changes, the

microstructure and the 3D pore system are investigated by MIP and SR-uCT.
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Fig. 3 Water absorption curves of untreated (-m- Untr.) and treated (-e- Treat.) Noto limestone specimens. Each
curve is the average of the water absorptions of 6 different specimens. Time is expressed also in minutes (min)
for clarity’s sake. All the treated specimens undergo a similar trend, namely, the decrease of the suction speed

and the fraction of water absorbed in the short term

3.2 Mercury intrusion porosimetry (MIP) measurements

The results of mercury intrusion porosimetry measurements of untreated and treated Noto
limestone are showed in Fig. 4. The MIP data, their standard deviation and the results of the
Student’s t-test are given in the Appendix A.

The untreated Noto limestone is characterized by an average total open porosity between
36.05 % (standard deviation 6 = 1.17 %), which is in agreement with the values assessed in a
previous study carried out on a even wider set of quarry specimens [35,37]. Its pore size
distribution is characterized by an unimodal feature with the ~70 % of the total open porosity
in the range of 7.5-1.0 pum, while the remaining total open porosity is partitioned as

following: about 18-19 % of the pores have a pore radius range between 1-0.1 pm, 6-7 %

10
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have a pore radius lower than 0.1 pm and about 5-6 % have a pore radius larger than 7.5 um.
The average pore radius is 2.49 um (¢ = 0.36 pm).

The treated lithotype shows a different feature, with the average of the total open porosity of
33.62 % (o = 2.99 %) and an average pore radius of 1.67 pm (¢ = 0.38 pm).
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Fig. 4 Pore size distribution of Noto limestone before (Untreated) and after (Treated) the DAP consolidating
treatment. The histograms are the average of 3 and 9 specimens for the untreated and treated lithotype,

respectively

As for the pore size distribution, the treated stone specimens show differences with respect
the untreated ones: 1) the average pore radius is about 26-33 % thinner; ii) the percentage of
coarser pores is lower, especially those having radius in the range 15-2.5 microns, while the
percentage of finer ones (voids characterized by radius smaller than 1 pm) is higher.
Statistically, a significant difference on the average pore radius and on the pore size
distribution between untreated and treated specimens has been observed, as demonstrated by
their standard deviation and by the low probabilities calculated by the Student’s t test (for
average pore radius: p = 0.01; for pores with radius smaller than 0.5 um: 0.00 < p < 0.23,
Student’s t test; complete data available in the Appendix A). Differences on the total open
porosity (p = 0.21, Student’s t test) have been also recorded, even though the DAP treatment
contribute is most likely partially blinded by the microstructural heterogeneity of the
lithotype.
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3.3 Synchrotron radiation X-ray micro-computed tomography (SR-uCT)

The two external slices, the selection of a representative VOI and the descending volume
rendering of untreated and treated Noto limestone are shown in Fig. 5. In the slices of
untreated Noto limestone, mainly two grey values are visible: a dark grey, corresponding to
the voids of the sample, and a lighter one, corresponding to calcite crystals of the matrix. The
slices of treated Noto limestone show a different morphology, with a third halfway grey value
chiefly localized inside the pores and on pore walls, most likely composed by micro-particles;
this suggests a correlation between this third grey value to the formation of micrometric and
sub-micrometric phases. These morphologies are very similar to those observed by SEM on

an equivalent treated specimen (Fig. 2b).

Untreated Noto limestone

Fig. 5 Untreated and treated Noto limestone. Reconstructed slice of the surface (a, d), detail of an area of

300x300 voxel® indicated by the black square (b, ¢) and volume renderings (c, )

12
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The crystallization appears more visible in the most external slices (closer to the treated
surface), whereas it wanes reaching the inner slices. This feature reverses in the last slices,
where the image reconstruction shows a further increase of halfway grey values attributed to
phosphates in the voids. This can be attributed to a more abundant crystallization of new
phases, which most likely occurs locally, in correspondence of preferential diffusion path.
SR-uCT images demonstrated that the new phases do not fill the voids but form a highly
porous network of micrometric crystals nucleated on the pore surfaces.

In order to study the pore distribution and connectivity, the voids were digitally isolated from
the bulk of the stone matrix by segmentation. In this SR-pCT study, the total porosity
estimated during the thresholding is ~24.91 % for untreated Noto limestone and ~22.79 % for
the treated sample. As calculated by the morphometric analysis, about the ~95-96 % of the
total porosity is composed by a system of open and interconnected cells (connected porosity),
while the remaining fraction are isolated voids (Table 1, presented as volume density V). The
treated stone material shows a slightly higher percentage of connected pores with respect to
the untreated one, even though the difference is rather negligible. The datasets generated by
the segmentation of the voids on untreated and treated Noto limestone are showed in Fig. 6

and Fig. 7 as 3D renderings of interconnected and isolated pores.

Table 1 Morphometric analysis. The arithmetic mean (AM) and the standard deviation (o) are indicated for

values obtained with the morphometric analysis

Sample
Feature of the VOI Untreated Noto
Treated Noto limestone
limestone

Volume of total voids (%) ~24.91 ~22.79

. AM 0.26 0.20
Volume density V, of
connected pores - 0.03 0.02

. AM 0.008 0.007
Volume density V, of
isolated pores s 0.0009 0.002
Euler characteristics X, of AM 22583 28549
connected pores (mm‘3)
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Fig. 6 Volume renderings of untreated Noto limestone: parallelepiped cropped from the whole SR-uCT dataset
(A) and VOISs (300%300x300 voxels) close to the surface (B), just below (C), from the middle (D) and close to
the bottom (E). The renderings include: X-ray tomographic images (I), connected (II) and isolated (III) pores,

combination of connected and isolated pores (IV) and their inset in the volume rendering
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Fig. 7 Volume renderings of treated Noto limestone: parallelepiped cropped from the whole SR-uCT dataset (A)
and VOIs (300x300x300 voxels) close to the surface (B), just below (C), from the middle (D) and close to the
bottom (E). The renderings include: X-ray tomographic images (I), connected (II) and isolated (III) pores,

combination of connected and isolated pores (IV) and their inset in the volume rendering
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No cracks are detected, indicating that: 1) the quarry lithotype used in this study does not
exhibit natural discontinuities; ii) the crystallization of new phases within the matrix during
the treatment does not introduce a mechanical stress to the microstructure, which in turn
might generate cracks.

Focusing on the connected components, the so-called “open porosity”, the porous structure of
all the VOIs is characterized by a complex system of branching. The image processing of
connected regions, namely regions composed by contiguous voxels in at least one of the three
direction (threshold used: 10000 voxels, connection with face-face, side-side or corner-
corner), revealed that the porous structure is highly interconnected and that there is a low
number of connected pores in all the investigated VOIs. In many VOIs, one, two or three
“objects” (namely, pores) constitute a single highly branched void of a determined VOI. In
other words, selecting a single and even small pore, its branching constitutes a relevant % of
the total open porosity of the investigated volume. This feature is present either on the
untreated matrix or on the treated one.

The high connectivity of the Noto limestone microstructure is explored by the quantitative
morphometric analysis, by the features extracted from the skeleton analysis [48] and by its
3D renderings (Fig. 8).

The Euler characteristics (X)), used as topological descriptors and calculated on binarized
volumes, are shown in Table 1. The X, values are negative either before or after the DAP
treatment, thus demonstrating that the pores of both the stone matrixes are highly
interconnected. The treated lithotype is characterized by more negative X, values than those
recorded on the untreated one, indicating that the treated matrix has a more interconnected
porous framework than the untreated one. This aspect could be an effect induced by the DAP
treatment, even though it is not possible to attribute this feature only to the consolidation as
the investigations are carried out on different micro-specimens, which are highly
heterogeneous.

The skeleton analyses confirm the high connectivity of the pore network, showing that the
branching of the pore space is composed by an open cell structure linked by a high number of
connecting channel. Fig. 8 shows an isosurface rendering of the stone matrix of treated Noto
limestone, with the inset of the skeleton and the volume rendering of the max spheres inflated
in the nodes of the skeleton. The nodes are the “pore bodies” [48], namely the junction voxels
among three or more branches. The connected pores are represented by the skeleton and they

compose a dense framework of branches mutually interconnected.
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Fig. 8 3D rendering of the connected pores skeleton (in violet) of treated Noto limestone (a). The white cube

represents the VOI of 300x300x300 voxels; inset of the skeleton in a clipped isosurface rendering of the VOI
(b); pore nodes (in yellow) of the skeleton, namely the volume rendering of the max spheres inflated in the
nodes of the skeleton (c). The nodes are the “pore bodies”, namely the junction voxels among three or more

branches; 3D rendering of the VOI with the inset of pore nodes and skeleton without clippings.

4 Discussion

The water absorption measurements show evidence that the stone matrix preserves its wetting
and hydrophilic properties after the DAP consolidating treatment. At the same time, the stone
material exhibits a decrease in the amount of water uptake per surface unit and of the suction

speed. This effect is related to a modification of the microstructure of the material, due to the
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crystallization of newly-formed phosphate phases on pore walls. In fact, the treated Noto
limestone specimens show evidence of a minor total open porosity, a minor average pore
radius and a different pore size distribution with respect to the untreated matrix. It is
conceivable that these differences depend on the DAP consolidating treatment: in particular
the variation of the average pore radius and the pore size distribution, where the standard
deviation of MIP measurements was pretty narrow and the statistical t-test results showed
noticeable differences.

The crystallization of the new phases within the stone matrix and the descending
microstructural effects are univocally attributed to the diffusion itself and not to a system of
micro-cracks which might acts as preferential diffusion paths. Both before and after the DAP
treatment, the stone matrix is characterized by a system of highly interconnected
communicating channels, which is the “spine” that rules to the consolidant impregnation and
redistribution.

The MIP contribute is essential for the exploration of the sub-micrometric pore classes
(micropores [IUPAC range) variations, even though approximated to a system of cylinder-
shaped capillaries. On the other side, SR-pCT volume renderings showed that in many cases
the pores are quite different from an idealized system of cylinders, as their morphology
frequently presents throats, bigger pores connected by thinner channels, pore-to-end
branches, irregular-shaped cavities, etc. For these reason, SR-uCT investigations allowed
visualizing and quantifying the actual morphology of the voids (within the resolution limit),
bypassing the cylinder-shaped model used by MIP (which, as drawback, suffers of the ink-
bottle effects and is subjected to the overestimation of finer pores).

The MIP and the SR-pCT results comply with the finding that the total open porosity is
higher in the treated lithotype than in the untreated one, even though the SR-uCT porosity
values are different from MIP ones. The discrepancy of the porosity values for the same type
of specimen is due to several reasons, mainly the different “resolution” of the two techniques.
In fact, the pu-CT datasets of this study have a maximum voxel size of 1 um3 , whereas the
used porosimeter is able to measure pores down to 0.0037 pm of radius. This means that with
p-CT it is possible to detect pores with a diameter of at least 1 um, while with MIP of at least
0.0074 pm. Therefore, a part of the open porosity of Noto limestone, treated and untreated, is
below the detection limit of SR-uCT and all the pore objects with a size minor than 1 pm? are
not detectable. Considering for example the total open porosity of the untreated Noto

limestone (~36 %) and excluding all the pore classes detected by MIP and not detectable by
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u-CT (classes with pore diameter < 1 pm, about ~6.5 %), the MIP porosity decreases from
~36% to ~29.5%.

On the other hand, it should be considered that the u-CT porosity values (e.g., the ~25 % for
the untreated Noto limestone) is slightly underestimated because the volume % is calculated
by the software using threshold algorithms and image filters, thus differences in the
calculated volume % of voids might rise by varying the threshold values and by changing the
algorithm and the filters. In addiction, considering that at least two or three contiguous voxels
are needed to be identified as a void and not as noise, pores with a radius minor than 1 pm
cannot be considered in the total porosity quantified by SR-uCT. Without using any filter and
considering spurious voxels as possible pores, the porosity measured by u-CT ranges
between 27-30 %, which is close to the MIP values (29.5%).

Moreover, further elements should be also considered, as the micro-heterogeneity of the
lithotype, the impossibility to carry out MIP and u-CT investigations on the same sample
(due to the intrinsic limitation of the techniques), the pore size distribution (assessed by MIP)
of the treated lithotype which is different from the untreated one, with a % volume decrease
of the pore classes detectable by SR-uCT and a % volume increase of not detectable voids.
Last but not least and focusing on the new properties of the treated stone, the crystallization
of phosphate phases on the profile of calcite grains and on pore walls modifies the
microstructure of the lithotype and increases the volume occupied by solid phases. It is
conceivable that the crystallization within the stone matrix also reconnects detached stone
grains and/or incoherent micro-elements, and all these processes increase the cohesion of the
stone microstructure. In addition, the consolidating phases (mainly poorly crystalline
hydroxyapatite, mixed with other minor phases [4,7,54,55]) are characterised by a low
solubility in water, even in acid environments (e.g., dissolution caused by acid rains, [56]),
and it has a preventive action on the treated system with the inhibition of corrosion

phenomena.

Conclusions

The evolution of microstructure and capillarity property of Noto limestone consolidated with
DAP treatments have been investigated. The results highlight that the crystallization of
phosphates within the stone matrix modifies the internal microstructure of the original

lithotype, leading to a modification the properties of the stone matrix. At the same time, the
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treatment does not revolutionize the lithotype in its peculiar features (e.g.,, hydrophilic
properties, permeability to water flow, capability to absorb water by capillarity), which
actually experiences positive modifications in terms of suction speed. These variations are
expected to give positive implication mainly in outdoor conditions, where a minor capacity to
absorb water might preserve the stone material by the quick absorption of harmful water-
based solutions (e.g., acid rains or rising of soluble salts solutions).

The combination of water absorption measurements with MIP and SR-uCT resulted to be a
powerful multi-analytical and multiscale approach to study the 3D textural feature of porous
stone materials and to understand how these materials are modified when treated with
inorganic-mineral products. In particular, the investigations carried out by SR-puCT
demonstrated the high potentiality of the technique to evaluate the effects (in terms of total
porosity, morphology, localization and connectivity) of the consolidating treatment on the
pore network. On the other side, the MIP measurements provide porosity data down to a sub-
micrometric scale, allowing to investigate the porosity and the pore size distribution for pore
classes whose detection is not permitted by SR-uCT.

The obtained results might elucidate the formation mechanism of the new phases inside the
pores and we are currently investigating the morphology of the stone boundaries among the
“calcite phase”, the “void phase” and the “phosphate phase” after the DAP reaction, the
diffusion of the new phases within the stone matrix and their arrangement in cavities and on
the pore walls. By using the multiscale approach described in this study, the investigation of
the effects induced by different consolidating treatments to stone materials could provide
practical indications for the consolidant application in the restoration worksites. In this view,
the present study opens the scenario to new set of multi-scale studies focused to explore with
a high resolution a wide spectrum of porous geomaterials treated with innovative

conservation products.
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