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Diammonium hydrogen phosphate (DAP) solutions are used as consolidants for carbonate stone materials
through the crystallization whithin the original matrix of newly formed crystalline phases. However, the for-
mation mechanism of the new phases within the stone microstructure, and their effects on the porous system,
strongly depend on the DAP molarity, the treatment method, and the stone microstructure. In this study, we
obtained real-time quantitative information on the structural evolutions induced by the treatment process on the
Noto limestone, a porous carbonate stone used as a building stone since antiquity, by synchrotron X-ray
Microtomography. With the aid of 4D image analysis, microstructural modifications in terms of porosity,
interconnection, and pore size distribution have been demonstrated in different stadia of the consolidation
process, and the influence of molarity was asserted. This study paves the way for a deeper understanding of
consolidation mechanisms and the effects induced overtime on the 3D microstructural features of porous ma-
terials by inorganic treatment.

1. Introduction

In the last decades, inorganic-mineral treatments have been consid-
ered an effective approch to face the decay of stone materials of Cultural
Heritage [1-3]. Treatments based on diammonium hydrogen phosphate
((NH4)2HPO4, DAP) have been employed for the conservation of car-
bonate matrixes [4-8]. DAP solutions dissolve the profile of the original
calcite grains of the carbonate substrate leading to the crystallization of
new phases (usually calcium phosphates) in a complex mixture [9-11].
As a result, variations are induced in the stone’s mineralogical compo-
sition and its microstructural features. The newly formed phases, as well
as their spatial distribution and the new microstructural features of the
DAP-treated stone, strongly depend on the substrate, on the treatment
protocol, and on the solution conditions (e.g., pH, molarity) [12-16].
Therefore, the investigation of the formation mechanism of the new
phases within the stone structure, and their effects on the porous system,
is not at all straightforward [11,17-18].

Although many studies have been performed on DAP treatments,
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mainly on phase formation and distribution with several analytical
techniques, such as Raman spectroscopy, X-ray diffraction, and IR
spectroscopy [19-21], the direct effects induced by the solution on the
stone microstructure (e.g., pore morphology, connectivity, etc.) are still
poorly understood. Moreover, no information is available on the inter-
action between the calcite crystals and the DAP solution during the re-
action process, relevant to understand the timeline of the consolidating
mechanism. This study aims to understand the direct effects of DAP
solutions on the stone’s microstructure through variation of pore
morphology, connectivity, and other microstructural features.

In the last years, X-ray Micro-Computed Tomography (pCT) has been
applied in the field of material science as it is a spatially resolved
technique and offers a 3D overview of the inner part of the samples
while also supplying quantitative parameters in a non-invasive way
[22-32]. Possenti et al., 2019b [33] has demonstrated the potential of
Synchrotron X-ray Micro-Computed Tomography (SR-pCT) in the
characterization of the stone microstructure variation due to the treat-
ments by inorganic consolidants, highlighting that phosphates
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crystallization modifies the internal microstructure of the lithotype,
reducing the total porosity and altering the pore size distribution.
Here, for the first time, real-time SR-pCT has been carried out during
the DAP treatment of stone samples with two different molarity (3.0 M
and 0.76 M), allowing for a time-lapse of the reaction process. Thanks to
a relatively faster acquisition time, it’s possible to gain 4D data from the
same sample to univocally ascribed the microstructural effects to the
crystallization of the new phases within the stone matrix. Unlike tradi-
tional porosimetric techniques, the use of synchrotron time-lapse 3D
experiments allowed us to work and optimize the near-field free prop-
agation phase contrast, to highlight microstructural features expected in
the samples, such as boundary morphology, small porosity, and con-
nectivity. A critical comparison of the 4D evolution of these features
within the two DAP solutions’ molarity is discussed to gain insight into
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the dynamic nature of the treatment. This contribution advances the
understanding and successful application of inorganic mineral solutions
for consolidating treatments in Cultural Heritage preservation.

2. Materials and methods
2.1. Materials

The Palazzolo Formation limestone, commonly referred to as “Noto
Limestone,” was selected as a representative lithotype with high porosity
within the carbonate rocks [35]. Situated in southeastern Sicily, Italy, it
belongs to the Hyblean Plateau, which can be divided into eastern and
western sectors. The eastern sector contains Miocene carbonates, lime-
stones, and pyroclastic rocks (Mount Climiti, Palazzolo, and Mount

Fig.1. (a) experimental set up @ SYRMEP, ELETTRA synchrotron; (b) zoom of the sample holder containing the straw with the Noto limestone sample and the DAP

solution; (c) schematic view of the sample set-up (not in scale).
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Carrubba Formations), while the western sector showcases upper
Oligocene-Miocene limestone and marl (Ragusa and Tellaro Forma-
tions). The Noto Limestone belongs to the former one and corresponds to
a marine environment dating back to the Middle to Late Jurassic period
[36].

Noto Limestone has been extensively utilized in the construction of
historical buildings and monuments in the region, particularly for
Baroque structures in the UNESCO World Heritage Site of Noto, Sicily. It
is classified as a biomicrite [36], primarily composed of calcite, with
subordinate phases including quartz, iron oxides, and clay minerals. The
stone’s porosity is characterized by micrometric pores, with sizes
ranging from 1 to 10 pm and from 1 to 0.1 pm. The porosity of the stone
exhibits significant heterogeneity, ranging from 25% to 37% [33,37].

The samples used for the present study were extracted from a freshly
quarried block of Noto Limestone and were prepared with a cylindrical
shape of 1.5 mm in diameter and 14 mm in height. To minimize the
impact of the heterogeneities, we have chosen samples of Noto lime-
stone with the most similar characteristics in terms of microstructure,
mineral composition, porosity, water absorption, etc. The selection was
carried out using petrographic information and water absorption
capillarity tests of the different available samples.

A water-based solution of diammonium hydrogen phosphate (DAP,
CAS Number 7783-28-0, assay > 99.0%, reagent grade) at two molar-
ities, respectively 0.76 M and 3.0 M, was set according to the previous
studies [11,15,20]. An innovative experimental setup was designed ad
hoc to optimize the interaction between the DAP solutions and the
lithotype, allowing the condition of reactivity with ample availability of
fluid, as well as enabling high-resolution imaging using synchrotron
technology. To achieve this, we utilized a cylindrical sample and placed
it onto a straw that was transparent to X-rays. Initially, we conducted a
scan of the untreated sample. Then, we introduced DAP solutions by
dropping them from the top of the straw using a syringe until the sample
was completely submerged (see Fig. 1b and c). We monitored the
treatments for a duration of 24 h, following the methodology used in
previous studies [38,39].

The samples were labeled 0.76M and 3M,; in this paper, a second part
is added to the label (0 h, 1 h ... and so on) meaning the time (hours)
from the beginning of the treatment in which the images have been
acquired.

2.2. Methods

2.2.1. Synchrotron radiation X-ray Micro-Computed Tomography (SR-
uCT)

Synchrotron radiation X-ray Micro-Computed Tomography (SR-pCT)
was used to investigate in real-time the influence of DAP treatments on
the 3D pore network [40] to gain 4D imaging of the samples. SR-uCT
experiments were carried out at the SYRMEP (Synchrotron Radiation for
Medical Physics) beamline at the Elettra Synchrotron facility in Baso-
vizza (Trieste), Italy.

The X-ray SR-pCT experiments were performed by ‘pink’ beam mode
at amedian energy of 27 keV, with a Si filter of 1.5 mm and an Al filter of
1.0 mm to optimize the X-ray spectrum for the experiment; the sample-
to-detector distance was set at 150 mm. The detector used was an air-
cooled, 16-bit, SCMOS camera. Measurements were carried out with
an effective pixel size of the detector set at 0.9 x 0.9 pm?, yielding a
maximum field of view of about 1.8 x 1.8 mm?. The exposure time/
projection was 2.5 s. Since the lateral size of the samples was larger than
the detector field of view, the scans were acquired in local or region-of-
interest mode. The Noto limestone samples were placed onto a high-
resolution rotation stage with a constant angular step.

Initially, the SR-uCT scans were performed on the dry samples to
investigate the porous microstructure of the untreated lithotype. Then
the DAP treatments were applied and several SR-uCT datasets were
taken at different times during the consolidation process. For the dry
samples, 1800 X-ray projections were acquired, whereas for the treated
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samples only 900 projections were collected. In this latter case, the
acquisition of 900 high-quality images within a reasonable time (~50
min) allowed us to monitor any potential change in the sample.

2.2.2. Data processing

The tomographic projections were processed with the SYRMEP Tomo
Project (STP) software suite, developed in-house at Elettra, to perform
the CT reconstruction employing the Filtered Back-Propagation algo-
rithm. A single-distance phase retrieval algorithm was applied to pro-
jection images before CT reconstruction [41]. A filter for ring removal
was used to reduce the artifacts in the reconstructed slices. A brightness
and contrast correction filter was also applied to homogenize the images
resulting in a widely distributed signal intensity of the images.

The software ImageJ was used to visualize the slices and select three
representative Volumes of Interest, VOI, per sample [42,43] (Fig. 2a). To
provide representative VOI dimension, REV (Representative Elementary
Volume, REV) sizes were determined by using the box-counting method,
consisting of the study of the variation of pore volume fraction for
increasing sub-volumes [44,45]. For our data, a cubic increase of 4
voxels in lateral size was considered until a reasonable plateau. In this
study, a satisfactory representative volume was defined of 600 x 600 x
600 voxels (corresponding to a cube of ~ 540 pm side length). The VOIs
were selected at different depths of the samples to consider the occur-
rence of microstructural differences. The reported values used in the
study were derived from the mean of the data obtained from the analysis
of three subvolumes extracted from the same sample, ensuring a more
robust and representative characterization of the sample’s properties.

Variations in gray values observed among different regions indicate
the presence of distinct chemical compositions, densities, or both. To
effectively analyze the imaging data, ranges of gray values were estab-
lished for different phases, enabling the segmentation of the data into
microporous regions filled with solution and the stone/new products
system. This segmentation process, known as image segmentation, was
performed using thresholding based on Otsu’s selection method. This
method was chosen because it fulfilled two criteria: 1) it included over
98% of the voids within the desired range, and 2) the segmented images
closely matched the raw images.

The outcome of the segmentation process was the generation of bi-
nary images, where similar elements were represented as sets of
contiguous voxels. Since the porous stones exhibited isolated pores, the
connected porosity was extracted from the resulting binarized volumes
using the “Find connected regions” tool provided by the software.

The Pore3D software library, developed by the SYRMEP research
group of Elettra for analysis of porous media, was used to obtain
quantitative information for a better understanding of the microstruc-
ture and establish interrelationships between properties [43]. From the
segmented volume, the Minkowski functionals (or basic parameters)
were computed. In this study, our focus was two Minkowski functionals:
(i) Volume density (Vy), which here represents the porosity, and (ii)
Euler characteristic (Cy or Xy), which is an index of connectivity of the
pores network which provides us with a value of the connectedness of
the 3D pores network [46]. To capture the morphological variations, a
blob analysis was implemented, which calculates direct 3D statistics on
connected regions in a binary image. Among the obtainable data, we
focused on the volume values (the volume of each identified blob
computed as the number of voxels rescaled according to the specified
voxel size [mm®]). The measured pore volumes were divided into classes
according to the IUPAC pore size classification (approximated to a sys-
tem of sphere-shaped volumes). The obtained counts were fitted as a
normal distribution; hence, pore size distribution variations were
estimated.

Lastly, a skeleton (or medial axis) of the microstructure was gener-
ated following the LKC method contained within the Pore3D software
library, thus allowing a topological characterization of the inter-
connected voids. The LKC Skeletonization computes the skeleton of a 3D
binary image using the Lee, Kashyap, and Chu algorithm [46] reducing
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Fig. 2. Reconstructed images: (a) a two-dimensional (2D) frontal slice of the 3M_Oh Noto Limestone sample obtained from synchrotron X-ray microtomography at
the SYRMEP beamline of Elettra and the selected region of interest (red box). (b) Volume rendering of the VOI, 600 x 600 x 600 voxel with a voxel size of 0.9 x 0.9
x 0.9 pm3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

them to a network of nodes and branches that preserves the features of
the original object. The algorithm has been applied to a binary smoothed
version of the segmented image to reduce the complexity of branches.

The visualization of the reconstructed pores network was performed
by 3D rendering procedures using the commercial software VGStudio
3.1.2 (Fig. 2b). The original binary images of the total porosity were pre-
processed with a higher median filter (i.e., 10) to reduce the contribu-
tion of isolated voxels and simplify the information. Renderings of the
skeletons were also obtained using the commercial software.

3. Results

In Fig. 3, the SR-uCT slices of a VOI of the 3.0 M DAP-treated Noto
limestone are shown during each step of the reaction process (i.e., from
untreated up to 24 h of treatment). The untreated lithotype (Fig. 3. a) is
characterized by pores of variable size and angular morphologies. In the
slices of the DAP-treated sample, the pores’ morphology is regular and
smoother, already after 1 h of treatment (Fig. 3. b).

In addition to the pore’s morphological variations, the SR-uCT im-
ages allow us to recognize another trend: the closure of the throats. In

Fig. 4, a deeper insight into the voids in 3M_0h and 3M_1h are compared.
It is worth noting that the grayscale values along the voids are different,
as clearly illustrated by the line profile of the greyscale corresponding to
a red and black line marked in Fig. 4a and b, respectively. After 1 h of
treatment inside the pores, the lighter part corresponds to the newly
formed crystal phases, whereas the darker one corresponds to the
remaining voids, with the presence of newly formed phases inside the
voids. So, these variations are ascribable to the formation of CaPs at the
interface between the grain boundary and the solution due to the re-
action of calcite.

Focusing on the following stages of the treatment process, we notice
that the modification trend of the pore’s edges and their morphology
continues over 24 h. The smoothing of the pore results in the creation of
pores smaller in size in the treated sample compared to the untreated
lithotype. This transition towards a microporosity reduced in di-
mensions is further supported through a local thickness 2D distance
map. These maps provide valuable preliminary insights into the spatial
size distribution of the porosity as it is generated from the diameter of
the largest sphere that fits inside the voids. By modeling the local
thickness, in the 3M_1h sample, a higher number is registered of spheres

Fig. 3. Outline (in white) of the main pores in a 600 x 600 voxel® area through time on the 3.0 M DAP solutions treated limestone surface: 3M_Oh (before treatment)

(a), 3M_1h (b), 3M_3h (c), 3M_8h (d) and 3M_24h (e) (end of treatment).
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Fig. 4. Grayscale values profile of a pore showing the lithotype before the treatment (3M_0Oh) and the CaPs crystallization at the grain boundary after 1 h of treatment

(3M_1h) only.

with smaller dimensions meaning a decrease in the size of the pores
(Fig. 5).

In Fig. 6, the slices of 0.76 M treated substrate, from the untreated
stage up to 7 h of treatment, are shown. Like the other molarity, the
pores on the 1 h - treated matrix are smothered and have less branching
(i.e., the connection between pores).

In this SR-pCT study, the total porosity of the untreated sample has
been asserted at ~ 34 % (Table 1). The data has shown that, in the
untreated lithotype, approximately 97% of the total porosity is
composed of a system of open and interconnected cells (Table 1, Con-
nected porosity). The 3.0 M—treated sample after 1 h shows a total

porosity reduction of ~ 33 %. Hence, the 3.0 M solution results in a
material with a lower porosity than the untreated one. The 3-hour vol-
ume, on the other hand, underwent a slight increase in total porosity,
being now ~ 30% less than the untreated sample. After about 8 h, the
data underline again a reduction in the total porosity. This descendent
trend is maintained till the end of the treatment (24 h), resulting in an
overall reduction of the microporosity of around 40%.

Focusing on the connected components (“open porosity”) of the
stone microstructure, the porous network in the VOIs is asserted by the
morphometric analysis and explored by the 3D renderings and skeleton
analysis (Fig. 7). The treated porous microstructure in all VOIs remains

Fig. 5. Local Thickness 2D distance maps and respective histograms showing the distribution of the pore size in the sample untreated (3M_0h) and after 1 h of

treatment (3M_1h).
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Fig. 6. Outline (in white) of the main pores in a 600 x 600 voxel? area through time on the 0.76 M DAP solutions treated limestone surface: 0.76M_Oh (before

treatments) (a), 0.76M_1h (b), 0.76M_3h (c), 0.76M_7h (d).

Table 1

Morphometric analysis. The arithmetic mean (AM) is indicated for values ob-
tained with the morphometric analysis on the 3.0 M and 0.76 M DAP-treated
samples. The standard deviation is &+ 3% of the mentioned value.

Time Stamp (hours) Total porosity (vol. %) Connected porosity (vol. %)

3.0M 0.76 M 3.0M 0.76 M
0 34 34 33 33
1 21 23 18 22
23 24 22 23
7-8 22 24 20 23
24 21 - 19 -

characterized by an open complex system of branching throughout the
3.0 M treatment process.

In the 0.76 M—treated sample, a decrease in total porosity to the
untreated one is maintained as well during the overall process. After 1 h
the porosity reduction is of a similar magnitude (~33 % less) if
compared to the one resulting from the 3.0 M solution and a slight in-
crease is registered at the 3rd hour. Contrary to the higher molarity,
however, this molarity does not restrain a descendent trend throughout
the full path of the process, i.e., total porosity still undergoes a slight
increase starting from the third hour. Nonetheless, at the end of the
treatment, the resulting 0.76 M-—lithotype presents a lower porosity
than the untreated one around 30%. Like the other molarity, the crys-
tallization of the phases does not seem to occlude the porous network
but maintains an open and interconnected system (Fig. 8).

To study the pore distribution, the pore volume size was extracted by
blob analysis. The extrapolated data generated two cumulative curves
showing the evolution of the pore in the VOIs, in terms of pores numbers
and occupied volume (Figs. 9 and 10). The untreated volumes appear as
a highly interconnected network of pores composed of a main “large
volume” and some smaller pores, of variable number and size. In the 3.0
M-—treated sample, after 1 h, the “large volume” decreases by half,
which can be related to the increase in the number of small and medium
pores (volume between 1.00 E®! um?® and 1.00 E®® ym3). The ‘set back’
(i.e., the third-hour increase) found in the morphometric analysis is also
found in the porosimetric analysis, as there is a reduction in the number
of medium and small pores in the third-hour data followed by an in-
crease in the 8-hour volume, which is maintained till the end of the
treatment. Similarly, the sample treated with 0.76 M exhibits a reduc-
tion of the large volume, and subsequently increase of pores, with vol-
umes between 1.00 E®! ym® and 1.00 E® ym? during the first hour of

treatment. The trend is not maintained for the rest of the treatment time.
However, with both molarities, a variation in the pore volume occurs,
which results in a final lithotype with a higher number of small and
medium pores, if compared to the parental material.

4. Discussion

The morphometric measurements obtained provide compelling evi-
dence that DAP solutions have a significant impact on the microstruc-
ture of the stone material. Additionally, the microstructural
modifications induced by the DAP treatments highlight a strong time-
dependent nature, regardless of the solution molality. This revealed
that the process is highly dynamic with the most significant changes
occurring within the first hour of treatment. This means that most of the
carbonate matrix dissolution and subsequent crystallization of newly
formed phases on pore walls occur within the first hour. The reaction
dynamics are, therefore, faster than the expected ones, and further in-
vestigations are surely needed to explore the reactions occurring during
the first hour with a faster acquisition.

The analysis indicates that the crystallization process occurs prefer-
entially within the microporosity, specifically on the pore boundaries
and throats, influencing the overall porous network. However, the stone
matrix during the treatment is still characterized by a system of highly
interconnected communicating channels, which govern the interaction
with fluids.

The results of the blob analysis further confirm that the treatment
process induces variations in pore size distribution compared to the
untreated matrix. Specifically, the treated Noto limestone specimens
exhibit a higher number of small and medium-sized pores. The differ-
ence between the rate of increasing small porosity may lie in the
reduction of the initial “large pores”. The high-resolution volume ren-
derings reveal that the actual micropore system is characterized by
strong connectivity through thin channels, pore-to-end branches, and
irregular borders. It is important to note that although this analysis was
crucial for exploring micropore variations, the resolution limitations of
the imaging technique made it challenging to detect sub-micrometric
pores and channels, resulting in a portion of the microporosity falling
below the detection limit (e.g., Noto Limestone pores with a diameter <
1 pm account for approximately 7% [32]). Furthermore, the connection
of regions by a few pixels, owing to the 0.9 um pixel size of the scan, and
the use of image filters may cause highly interconnected pores to be
incorrectly identified as part of a single “large volume”. Nevertheless, a
lower total open porosity and a different pore size distribution to the
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Fig. 7. Volume renderings of 3 M DAP-treated Noto limestone VOI: parallele-
piped cropped close to the surface (600 x 600 x 600 voxels). The renderings
include (I) X-ray tomographic images, (II) a combination of connected (red) and
isolated (blue) pores, and (III) the connected pores skeleton (node-to-node
component in violet and node-to-end component in green) of treated Noto
limestone. The orange cube represents the VOI. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)
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Fig. 8. Volume renderings of 0.76 M DAP-treated Noto limestone VOI: paral-
lelepiped cropped close to the surface (600 x 600 x 600 voxels). The render-
ings include (I) X-ray tomographic images, (II) a combination of connected
(red) and isolated (blue) pores, and (III) the connected pores skeleton (node-to-
node component in violet and node-to-end component in green) of treated Noto
limestone. The orange cube represents the VOI. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

untreated matrix are coherent with previous studies [33-34] and
confirm that the differences depend on the DAP consolidating treatment.

Examining the treatment dynamics, it is evident that the morpho-
logical and porosity variations are not uniform throughout the treatment
duration for both molarities. In the case of the 3.0 M DAP solution, we
observed a “first reaction” step, characterized by significant modifica-
tions occurring within a short timeframe. This step is followed by a
period without notable effects, as evidenced by the standstill recorded in
the morphometric and porosimetric data at the third hour of treatment.
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Fig. 9. Comparison of the cumulative distribution functions of the number of pores (a) and of volumes (b) on the 3.0 M DAP-treated samples.

Fig. 10. Comparison of the cumulative distribution functions of the number of pores (a) and of volumes (b) on the 0.76 M DAP-treated samples.

Subsequently, a “second reaction” phase commences around the eighth
hour of treatment, marked by additional dissolution and the generation
of new voids. The “second reaction” culminates in the crystallization
within these “new voids,” which modifies the stone microstructure,
yielding effects like those observed during the initial reaction, albeit
with less pronounced magnitude (Fig. 11).

On the other hand, according to the interpretations made in the
Results, the 0.76 M DAP solution exhibited a different reaction mecha-
nism. Although it had lower molarity and can dissolve the calcite

Fig. 11. Schematic diagram of reaction processes that the lithotype experiences
when treated with different molarity of DAP solution. In yellow are the changes
given by the “first reaction” and in orange are the ones caused by the “second
reaction” in the 3.0 M DAP treated sample (absent for the 0.76 M treated
sample). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

substrate, it still triggered a fast dissolution and crystallization process at
the beginning of the treatment, with a milder impact on microstructure
morphology and porosity. After the third hour of treatment, a plateau is
reached, indicating a lack of further changes. The consumption of the
reagent and the formation of more stable phases could both be possible
to consider as possibilities for this different behavior. Also, a neutrali-
zation in the solution pH happens inside the pores during the reaction
process, a shift towards acidity can inhibit the reaction with limestone.
However, the real role of the pH during the reaction is difficult to assert
due to the instrumental impossibility of measuring its value inside the
micropores. In addition, many of the consolidating phases (mainly hy-
droxyapatite [15,33]) are characterized by low solubility in water,
which could prevent a second action on the treated system with the
inhibition of corrosion phenomena in lower molarity. These data,
although they acknowledge the influence of solution molarity on the
modifications to the microstructure, they also highlight that molarity
does not necessarily correlate with the reaction and crystallization
process rate. Further investigation is needed to explore reaction kinetics
and the resulting microstructural changes, especially in the time frame
where most changes occur.

5. Conclusions

In conclusion, the present research highlights the significance of SR-
HCT as a powerful tool for investigating both qualitative (visualization of
consolidating processes, pore smoothing, etc.) and quantitative (calcu-
lation of porosity, estimation of dimensional changes, computation of
interconnectivity, etc.) inorganic mineral treatments on carbonate
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rocks. The study revealed also significant findings regarding the dy-
namics of DAP consolidating treatments. The distribution of CaPs phases
formed during the treatments results in a transformation of the internal
microstructure, particularly within the first hour of treatment, leading to
a less porous lithotype while maintaining a high degree of inter-
connectivity, characterized by an increased number of small voids. The
qualitative and quantitative analysis of the 4D data of the reconstructed
volume renderings provides comprehensive insights into the evolution
of a treated porous network: factors such as boundary morphology, total
porosity, distribution, and connectivity, which play a crucial role in
assessing the effectiveness of DAP consolidating treatments, particularly
in outdoor conditions. The dynamic nature of the treatment reveals
distinct reaction phases dependent on the DAP molarity, underscoring
the importance of solution properties in the observed microstructural
changes.

This research opens many questions, especially on the relationship
between solution molarity, reaction kinetics, and the dynamic evolution
of pore edges within a tighter time frame. Ongoing reasearchs aim for a
more comprehensive understanding of the microstructural dynamics,
phase transformations, and chemical composition during the DAP
treatment. Also, by integrating with diffraction techniques, we aim at
obtaining mineralogical and crystallographic information of the newly
formed CaPs formed phases and their spatial distribution; which would
enhance our understanding of how microstructural changes affect the
new crystallin products and vice versa.

In summary, the findings of this study contribute significantly to our
understanding of how inorganictreatments influence the porous
network and provide crucial insights for optimizing their performance in
stone conservation.
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