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Abstract

Porosity plays a key factor in the physical and chemical deterioration process of stones. In fact, it controls the dynamics
of fluids in stone materials, their movement from the outside to the inside and vice versa, and the different presence of
water inside the stones with a consequent control of the durability and resistance to the alteration. Therefore, pore-space
properties, such as pore-size distribution and connected porosity, are relevant factors in the evaluation of the efficacy
and compatibility of a consolidation treatment. To evaluate these parameters, two different techniques - Mercury
Intrusion Porosimetry (MIP) and Nuclear Magnetic Resonance Relaxometry of water 'H nuclei (NMRR) - were adopted
in this work to study the performance of a new consolidation product for limestones. This study aims at comparing and
combining data obtained by MIP and NMRR. In fact, MIP analysis is a destructive technique which provides
quantitative results about the pore structures (pore size distribution and open porosity %). NMRR analysis gives
qualitative data and, being both non-destructive and non-invasive, it is possible to obtain the relaxation time
distributions (T2) of water 'H nuclei in the stones’ pores before and after the application of a consolidation treatment on
the same sample. Furthermore, a correlation between T> distribution and pore size distribution has been accomplished
and this could provide the NMRR technique with the ability to measure more quantitatively pore size. Experimental
results showed that in most cases there is a good correlation between MIP and NMRR data. Therefore, despite NMRR
technique is a qualitative analysis, it can be considered a powerful tool to evaluate the change in pore size distribution
due to the application of a consolidating agent on stone and, if, as in this case, a calibration with MIP results is
performed, the NMRR can provide quantitative information on the pore size distribution.
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1. Introduction

Limestones used in the field of Cultural Heritage are particularly susceptible to a weathering process due to their
composition and textural characteristics. In fact, the reaction of carbonate minerals with environmental factors such as
air pollution, water, soluble salts and biodeteriogens causes physical and chemical stresses . Open porosity %, the most
important aspect in the weathering process, refers to the ratio between the volume of open pores, communicating with
each other in a portion of the material, and the total volume.

In order to preserve weathered building materials, calcium ethoxide Ca(OEt)2, a novel product developed during the
European collaborative project NANOMATCH , and characterized in previous works , is here subjected to some
modifications and applied on three types of limestones as consolidating agent.

When a consolidating treatment is applied to restore the lost material cohesion of a stone, the study of different stones’
characteristics, such as pore structure, is relevant to evaluate its performance as consolidating agent. In fact, the
physico-mechanical properties of the stone are deeply connected to the pore network which represents the
microstructural feature that mostly influences the decay process . Different classifications were developed regarding the
description of pore space based on petrogenic aspects, pore geometry or genesis, pore location, pore size and
penetration of fluids and gases . Open porosity %, the most important aspect for the weathering process, refers to the
ratio between the volume of open holes, communicating with each other in a portion of the material, and the total
volume. When a consolidation product is applied on stone, even if it should alter the materials microstructure the lowest
possible extent to respect the compatibility criterion , the consolidation effect is usually connected to a small reduction
of open porosity, which often simply implies the restoration of the initial porosity of the sound stone.



Several techniques are used to determine the pore structure of porous materials . However, some of them are invasive
and destructive. Therefore, when a consolidation product is applied, even if the acquired information is useful, it is not
possible to compare data obtained from the same samples before and after the application of the treatment. In this study,
the capability of calcium ethoxide to restore the natural porosity of decayed stones (previously aged to simulate
weathering materials with a connected variation of their natural open porosity %) is evaluated with two different
techniques: Mercury Intrusion Porosimetry (MIP) and Nuclear magnetic resonance relaxometry (NMRR).

MIP is a destructive technique traditionally widely adopted in the field of conservation of building materials , , . Its
performance is based on the gradual intrusion of mercury, as a not-wetting liquid, into a porous system when an external
pressure is applied .

On the contrary, NMR relaxometry provides data regarding the internal structure of a porous material in a non-invasive
and non-destructive way. This technique has been increasingly applied to characterize and monitor works of art in
recent years . Thanks to a prior absorption of water under vacuum, which fills the open pores of the stone, it is able to
characterize the pore-space structure of high surface-to-volume ratio (S/V) systems. In fact, through the study of the
time-evolution of the nuclear magnetization of water 'H nuclei and its return back to the equilibrium condition, after an
appropriate sequence of a radiofrequency pulse, it is possible to acquire qualitative information about pore size
distribution. The process of the return back to equilibrium is called “relaxation” and it is characterized by a constant
decay time named relaxation time. The pore size distributions can be evaluated by analysing relaxation time
distribution. In this study, a quantitative calibration of NMR T2 distributions into a pore size distribution has been
achieved by correlating the distributions obtained through MIP and NMRR techniques. Moreover, the combined use of
MIP and NMRR allowed to evaluate the performance of the new consolidating treatment to restore the open porosity %
of artificially aged samples.

2. Experimental section

2.1. Materials and reagents

Calcium ethoxide, a nanosuspension in a 1:3 solution (v/v) of ethanol and tetrahydrofuran, was produced by ABCR labs
(Spain). The initial calcium concentration of this nanosuspension was 46.5 g/L; however, a calcium concentration of 20
g/L showed a good compromise between consolidation effect and aesthetical compatibility, as pointed out during
preliminary experiments performed during the NANOMATCH project , . Therefore, to reach a calcium concentration of
20 g/L, the initial product was diluted in three different solvents chosen for their different boiling point and because
they are actually used in the restoration field: ethanol, 2-butanol and n-butylacetate. The solvent’s boiling point is an
important parameter because it could influence the penetration of the product inside the porous materials . Hence, the
studied products based on Ca(OEt): are three: Ca(OEt)2 nanosuspension diluted in ethanol (labelled as ETA), Ca(OEt):
diluted in 2-butanol (labelled as BUT) and Ca(OEt): diluted in n-butylacetate (labelled as NBU).

Calcium ethoxide has been compared with CaLoSil E50®, a commercial product based on nanolime, available in the
market and employed as stone consolidant. This product is developed by IBZ-Salzchemie (GmbH & Co.KG, Germany)
and composed of Ca(OH)2 nanoparticles (50-250 nm) in ethanol with a calcium concentration of 27.05 g/L. .To obtain a
calcium concentration of 20 g/L - the same established for calcium ethoxide - it was diluted with ethanol. This
commercial product is labelled in the text as CAL.

The selection of lithotypes has been restricted to calcareous stones since calcium ethoxide is mainly meant for the
consolidation of calcite-based substrates because through the reaction with water and carbon dioxide, it leads to the
formation of calcium carbonate, the same component present in limestones. Three different types of limestone were
selected:

e Lecce stone (L in the text), a biocalcarenite whose name derives from the city of Lecce (south of Italy), shows
a quite homogeneous composition made mainly of calcium carbonate in the form of calcite cement and
granules (fragments of fossils of marine organism) together with other minerals such as phosphates, glauconite,
quartz and various feldspars .

e Noto stone (N in the text) is a calcarenite with a typical pale cream colour which characterizes the whole
architecture of the Noto Valley (Sicily). It is composed of calcium carbonate and several small bioclasts,
including foraminifera, echinoids, plankton and bryozoa .

e Vicenza stone (V in the text) is an organogenic limestone extracted near the city of Vicenza and characterized
by the presence of micro and macro fragments of foraminifera, bryozoans, algae, and echinoderms . It has a
strongly heterogeneous structure and consists of calcium carbonate combined with a small percentage of
silicon oxide, aluminium, and iron.

The pore size distribution of stone and the open porosity % values were determined by MIP.

All tests were carried out on quarry stone samples, cut into the right size with a water saw, directly in the quarry: 1x1x4
cm® for MIP analysis, where a small part was taken away to perform the analysis (I mm from the treated surface), and
5x10x2 cm?® for NMRR analysis. In fact, samples analysed with both techniques cannot be the same because MIP is
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destructive while NMRR is non-destructive and allows to analyse the same sample before and after the application of
the consolidating treatment.

To work on weathered materials, all the tested stones were previously subjected to a thermal ageing process based on
six daily heating-cooling cycles: samples were put in an oven for 6 h at 100°C, cooled to laboratory temperature for 6 h,
chilled to -20 °C for 6 h and, at the end, warmed to laboratory temperature for 6 h . The thermal ageing process was
adopted because thermal cycles can usually cause periodical dimension changes of the building materials exposed to
environmental conditions. In fact, being the stone a not good conductor of heat, stress between the surface and the core
is originated both in the cooling and in the heating phase of the thermal cycle. Carbonate stones are particularly
weathered by this phenomenon because calcite crystals have an anomalous and anisotropic thermal behaviour since
upon heating they expand in one direction (usually the main axis) and contract along with others (usually perpendicular
to the main axis) at the same time. The effect is a progressive loss of cohesion and an increase in porosity with cleavage
of some crystals and detachment the of others , .

The chosen thermal process did not lead to a volumetric or mass change of the samples. Therefore, to evaluate eventual
microstructural changes, MIP analysis was performed before and after the ageing process.

2.2. Application procedures and analytical techniques
Two application procedures were used to apply the products on the stones: by brush till saturation (AP1) and by brush

with a pre-set number of brush strokes (AP2). Brushing application procedure was chosen because it is the most
common practise used in the restoration filed (figure 1).

Figure 1. Illustration of the investigated application method: brushing.

AP1 was used for all the products, while AP2 was adopted only for calcium ethoxide diluted in ethanol and CaLoSil
E50. For the application AP1, the number of brush strokes was stopped when the surface remained wet for 1 minute.
The application AP2 was adopted to avoid a visible colour change of the surface and the number of brush strokes for
each stone was decided by preliminary performing a colorimetric measurement after each brush stroke of Ca(OEt):
diluted in ethanol on stone samples till a value before AE* > 5 was reached. The reference product was applied with the
same number of brush strokes. These colorimetric analyses were performed in accordance with the CIEL*a*b*
chromaticity diagram and to the NORMAL 43/93 , using a CM2600d Konica Minolta portable spectrophotometer and a
spot size of 5 mm diameter. The number of brush strokes used during application procedure AP2 was: 7 for Lecce stone,
8 for Noto stone and 11 for Vicenza stone.

MIP and NMRR analyses were performed one month after the application of the consolidants, to allow a complete
carbonation process of the products and the total evaporation of the carrier solvent, based on previous works , . The
amount of consolidants remained inside the samples was calculated by weighing the samples before and one month
after the application of the products. The values in tab.1 are reported as a mean value of three samples, expressed as
kg/m?, while the associated error is expressed as the standard deviation.

2.2.1. MIP
The pore size distribution was obtained by MIP. The volume of mercury V (mm?®/g) intruded at a given pressure P
(kg/cm?) gives the pore volume value that can be accessed and the resulted open porosity % refers to the volume of
open pores present in the stone . The pore-size distribution is determined by the volume of mercury intruded at each
pressure increment, whereas the total porosity is determined from the total intruded volume.



The Washburn equation (1), which assumes that pores are cylindrical in shape, explains the relationship between the
intrusion pressure and the pore radius size : )

27ycosl
r

where P is the intrusion pressure, y is the mercury surface tension (486.5 mN/m™), # is mercury/solid contact angle
(141.3°) and r is the pore radius (um).

MIP analyses were performed on dried samples following NORMAL 4/80 . Results regarding macropores (larger than
50 nm) and mesopores (between 2 and 50 nm) were obtained with Pascal 140 and Pascal 240 Thermo Nicolet
instrument (volume resolution 0.001 cc), respectively. To perform this analysis, a small specimen with a maximum
weight of 40 mg is taken away from treated and untreated samples (1x1x4 ¢cm?®). Regarding the treated samples, the
analysed part corresponds to the first mm from the treated surface, considered as the part most involved in the presence
of the consolidants. MIP results are expressed as open porosity % and cumulative volume and with a graphic part which
shows: the volume distribution (%) and the pore volume (mm?®/g) in function of the pore radius for each treatment, and a
comparison between the pore size distribution among all treated and aged-untreated samples.

For each type of stone, data regarding the open porosity % and the cumulative volume are reported as the average of
three analysed samples (both for treated and not treated materials) and the associated error is expressed as standard
deviation. Regarding the graphic part, since the three graphs obtained for each analysed sample were comparable, the
discussion of the variation of volume distribution % and connected variation of pores dimension is related to one of
them.
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2.2.2. NMRR

NMRR measurements were carried out on prismatic samples (10x5x2 cm®) by a relaxometer mg-ProFiler equipped with
a single-sided magnet (Bruker Biospin ®, Italy) which works at a Larmor frequency of about 15 MHz. The sensitive
volume xyz from which the resonant conditions were obtained is about 2x0,2x0,8 cm?®, where the x and y axes are
parallel and perpendicular to the magnet surface, respectively; while, z coincides to the direction of the main magnetic
field and to the distance analysed by the treated surface. In this case, the analysed depth is 2 mm. The pore types were
obtained by analysing the number and peak position of T2 spectrum . Transverse relaxation decays were obtained by
performing the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence . In this sequence, the echo time to 44 us was set
and the total number of echo was chosen equal to 8000. After each sequence, a recycle delay of 2 ms was set to allow
the longitudinal magnetization to fully recover before the next pulse sequence. Experimental data, acquired through the
Minispec software, were turned into T2 distributions by the inversion of the relaxation decay data using the UPEN
algorithm .

In order to correlate the relaxation time distribution with the pore size distribution, we followed the procedure described
in Gaoetal. .

In particular, it was exploited that transverse relaxation time is approximately related to pore size according to the
following equation (2):

1 1 _ s .
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where Tas is the surface relaxation time, ms; p2 is the surface relaxivity, us/m; S is the surface area, um?; V is the pore
volume, pm?; S/V is the specific surface area of pores (1/um). Actually, the relationship between T2 and the pore size
distribution is a power function because of the complexity of the pore structure. It can be shown that (3):

rt _ CT;n (3)

where 1z is a pore throat radius which is supposed to be proportional to the pore body radius, C is a constant and 1/n is
the power exponent .

In order to obtain a pore size distribution from the NMR relaxometry measurements, the logarithm of both member of
the previous equation was calculated obtaining the expression (4) and both MIP and NMR distributions were
interpolated and shifted in order to maximize the match between these distributions:

Inr; = InC + %lnTz (4)



Then, the rt values of MIP were plotted against T2 values from NMR relaxometry and the C and 1/n values were
obtained through a best fitting procedure . All the T2 distributions reconstructed for the analysed samples report also the
pore size obtained via this calibration with MIP data.

NMRR analyses were performed on samples previously dried in an oven and afterwards located in a box where vacuum
was created. Then, they were saturated with distilled water. Before the analysis, the saturated samples were completely
covered with a plastic film in order to avoid any leak or evaporation of water during the ten-minute measurement. All
the analyses were carried out at room temperature and the same set of samples was analysed before and after the
application of treatments.

3. Results and discussion

3.1. Lecce stone

The characterization of sound Lecce stone in terms of pore size distribution and open porosity % is obtained with MIP
analysis. This stone shows a pore size distribution between 0.1-2 um and an open porosity % of 34.4 + 0.5 (Figure S1 in
supplementary materials).

The ageing process lead to an increase in both total open porosity % and cumulative volume (Table 1). The dry matter
retained after one month is also reported in Table 1.

Table 1. Lecce stone samples: amount of dry matter retained after one month from the applications evaluated for samples analysed
with both MIP and NMRR and porosity data obtained by MIP.

Sample Dry matter retained Dry matter retained Total open porosity Cumulative volume
MIP (Kg/m?) NMRR (Kg/m?) (%) (mm’/g)
L NA* - - 344+£0.5 201.8+2.1
L NT** - - 37.6+0.9 223.8+1.3
L ETA AP1 0.016 +0.011 0.026 + 0.002 34.1£0.6 190.3+4.4
L NBU AP1 0.012 +0.003 0.016 +0.003 347+£0.7 216.5+7.2
L BUT AP1 0.018 £ 0.007 0.017 +£0.006 342+£0.3 205.5+5.3
L CAL APl 0.063 +0.008 0.047 +0.005 36.8+£0.6 216.7+£3.2
L ETA AP2 0.025 + 0.001 0.023 +0.005 345+£09 201.6 + 1.8
L CAL AP2 0.022 £ 0.006 0.014 +0.003 34.1+0.3 211.3+34

*NA: unaged and untreated stone, **NT: aged and untreated stone

Starting with the results obtained with AP1, all the products based on Ca(OEt): bring to a decrease in both total open
porosity and cumulative volume distribution to the natural value of the sound stone (34.4 % + 0.5). A different result is
obtained with CaLoSiL which is not effective. However, despite CAL is the product mostly retained inside the stone, its
low reduction of porosity respect to the treatments based on Ca(OEt)2 could be related to a layer formed by this product
on the stone’s surface rather than a good penetration inside the sample.

Looking in more detail the changes in pore radius distribution, samples treated with ETA (Fig. 2b) show a small
reduction of volume distribution % for pores with a radius between 1-4 um and a small increase in volume distribution
% for pores of smaller dimension (0.1-0.8 pm) respect to untreated stone (Fig. 2a). In samples treated with NBU (Fig.
2¢) and CAL (Fig. 2e) a decrease in volume distribution % for pores with a radius between 1-4 pm respect to untreated
stone is observed, with a higher decrease for NBU. Furthermore, an increase in volume distribution % for pores with a
radius between 0.1- 1 um is registered. Finally, even if samples treated with BUT present a reduction of open porosity
%, it causes only a visible decrease in volume distribution % for pores between 2-4 pm and a modest increase in small
pores (<0.1 um) (Fig. 2d).

Figure 2f reports a comparison of pores size distribution curves between treated and untreated samples. It shows that
especially NBU causes a change of pore radius distribution respect to untreated stone. All the products seem to
distribute in particular into the bigger pores (>1 pm), reducing their volume distribution % and consequently increasing
the volume distribution % of pores with a radius between 0.1- 1 um. Instead, BUT seems to remain only into the pores
with a radius between 2-4 pm.
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Figure 2. MIP results for Lecce treated with AP1: cumulative pore volume and volume distribution versus pore radius of (a) L NT,
(b) L ETA AP1, (c) L NBU AP1, (d) L BUT AP1 and (e) L CAL API1; (f) pore size distribution curves expressed as log
differential intruded volume (mm?/g) versus pore radius (um) reported for all treated and aged-untreated samples (NT).

Changes in pores size distribution due to the treatments applied with AP1 procedure obtained through NMRR analysis
are evaluated through transverse relaxation time distributions (T2). For this samples, the dry matter retained after one
month from the application is reported in Table 1.

The results (Fig. 3) agree with MIP measurements. In fact, all treatments show a visible variation for pores of larger
dimension (T2> 10 ms which corresponds to about 1 pm) and a small variation for pores of lower dimensions (T2< 10
ms).
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Figure 3. Comparison of T, distribution functions before and after treatment with application APl:(a) L ETA AP1, (b)
L NBU_AP1, (c) L BUT AP1 and (d) L_CAL_API. NT: aged-untreated stone

With the application procedure AP2, MIP results (Table 1) show how both treatments lead to a porosity value similar to
natural stone (34.4 % + 0.5). However, samples treated with CAL show a pore radius distribution more similar to
untreated support respect to those treated with ETA (Fig. 4c). In fact, while ETA reduces the volume distribution % of
pores with radius between 1-4 pm, leading to an increase in volume distribution % of pores of smaller dimensions (<
1um) (Fig. 4a), CAL reduces only the volume distribution % of pores with radius between 2-4 pm (Fig. 4b).
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Moving to NMRR results, the quantity of dry matter retained after one month from the application is reported in Table
1.

Both treatments (Fig. 5) cause a variation of pore size distribution for pores of larger dimensions (T2>10 ms), respect to
untreated stone. For pores of lower dimension (T2 <10 ms which corresponds to about 1um) a higher change is obtained
with ETA (Fig. 5a), while CAL maintains a pore distribution more similar to untreated stone (Fig. 5b), as showed also
for MIP measurements (Fig 4).
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In conclusion, there is a good correlation between MIP and NMRR data also for application procedure AP2. In fact,
L ETA presents a variation of pores of both dimensions, bigger and smaller as showed for MIP results (Fig. 4a).
Instead, L CAL maintains a pore size distribution more similar to untreated stone and shows a variation only for pores
of bigger dimensions as observed for MIP. Therefore, NMRR can provide clear information to understand for which
type of pores, the treatments cause a variation in the pore size distribution.

3.2. Noto stone

MIP results obtained from unaged stone shows a pores size distribution between 1-4 pm and an open porosity % value
0f 30.3 £ 0.9 (figure S2 in supplementary materials).

The ageing process led to an increase in total open porosity % and cumulative volume respect to unaged stone (Table 2).
MIP results concerning AP1 shows that all the products based on calcium ethoxide and the reference one are successful
in reducing the total open porosity % of the stone leading to a porosity value similar to unaged stone (Table 2).

Table 2. Noto stone samples: amount of dry matter retained after one month from the applications evaluated for samples analysed
with both MIP and NMRR and porosity data obtained by MIP.

Sample Dry matter retained Dry matter retained Total open porosity Cumulative volume
MIP (Kg/m?) NMRR (Kg/m?) (%) (mm’/g)
N NA* - - 30.3£0.9 1559+24
N NT** - - 345+£26 172.1+£0.9
N ETA APl 0.208 + 0.005 0.028 £+ 0.003 29.6+£0.2 156.1 +£3.1
N NBU API 0.020+0.013 0.010 +0.001 29.6 £ 0.6 166.7+£2.7
N BUT API 0.019 + 0.008 0.020 £ 0.005 29.6 £ 0.6 154.1 £15.1




N CAL APl 0.047 £0.013 0.057 £0.013 29.2+0.8 153.3+4.9
N ETA AP2 0.033 +0.002 0.031 +0.003 30.1+1.9 172.1£0.9
N CAL AP2 0.025 +0.001 0.019 +0.003 28.9+0.8 166.3 +£5.6
*NA: unaged and untreated stone, **NT: aged and untreated stone.

Figure 6 shows pore size distribution curves, cumulative pore volume and volume distribution for each product. All
treatments lead to a very small increase in volume distribution % of pores with a radius between 0.1 and 1 pm. Instead,
for pores greater than 1 pm, the situation is different depending on the product. In fact, N ETA and N_CAL present a
high decrease in volume distribution % of pores between 2-4 um and an increase in volume distribution % of pores
between 1-2 um (Fig. 6b and 6e, respectively) respect to untreated stone (Fig. 6a); instead, N NBU and N_BUT show a
different effect with a small increase in volume distribution % of pores between 1-2 um and a small decrease in volume
distribution % for those ones between 2-4 um (Fig.6c and 6d, respectively). In fact, looking at figure 6f, a change in the
pore size distribution was visible for all products with respect to untreated stone. This variation is particularly evident
for pore radius larger than 1um.
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Figure 6. MIP results for Noto stone treated with AP1: cumulative pore volume and volume distribution versus pore radius of (a)
N_NT, (b) N_ETA_API, (¢) N NBU_API, (d) N BUT API1 and (¢) N_CAL_AP1; (f) pore size distribution curves expressed as
log differential intruded volume (mm?/g) versus pore radius (um) reported for all treated and aged-untreated samples (NT).

Dry matter retained after one month for samples analysed with NMRR is listed in Table 2. T2 distribution functions
show a variation for pores of bigger dimension (T2>10 ms), for all treatments (Fig. 7). This results agree with MIP data
which showed a volume distribution modification in pores of bigger dimensions for all treatments. The part of the curve
related to pores of smaller dimension (T>< 10 ms) does not show evident change for samples treated with ETA and
BUT. Instead, a variation is showed for N NBU and N_CAL. These results partly agree with MIP, for which a variation
of volume distribution % for pores of smaller dimension is slightly evident for all treatments.
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Figure 7. Comparison of T, distribution functions before and after treatment, application AP1: (a) N_ETA API1, (b)
N_NBU_API, (c) N BUT_API and (d) N_CAL_AP1. NT: aged-untreated stone.

Changes in total open porosity % and cumulative volume due to the treatments applied with AP2 are shown in Table 2.
The results indicated that both treatments lead to a reduction of porosity value similar to unaged sample (30.3 + 0.9 %).
All products lead to a small increase in pores of smaller dimensions (0.01 — 1 um), with a higher change for ETA
respect to CAL. Furthermore, ETA shows a decrease in volume distribution % of pores with a radius between 2-10 pm
and an increase in volume distribution % of pores with a radius between 1-2 um (Fig. 8a). Instead, N_CAL shows a
small decrease in volume distribution % of pores with a radius between 1-4 pm and a bit increase in volume distribution
% of pores with a radius greater than 4 pm (Fig. 8b). By observing a comparison between all samples (Fig. 8c) both
treatments show a variation of the maximum of the curve, moving it to smaller dimensions of pores.
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Figure 8. MIP results for Noto stone treated with AP1: cumulative pore volume and volume distribution versus pore radius of (a)
N _ETA AP2 and (b) N_CAL_AP?2; (c) pore size distribution curves expressed as log differential intruded volume (mm?/g) versus
pore radius (um)reported for all treated and aged-untreated samples (NT).

The quantity of dry matter retained after one month for samples analysed with NMRR is reported in Table 2. T2
distribution functions of treated samples are different with respect to untreated ones for both applied products (Fig. 9).
In particular, bigger changes are visible for pores of larger dimensions (T2> 10 ms), as detected with MIP. Instead for
pores of lower dimensions an evident change is visible mostly for N ETA, while the curves related to N NT and
N_CAL are quite similar.
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The overall results obtained for Noto stone show that all treatments, including the reference one, are able to reduce the
total open porosity % of samples to a value similar to the sound stone. For both application procedures, there is a good
correlation between the variation of pore size dimension detected with MIP and NMRR. Also in this case NMRR is
helpful in understanding a variation in pore size dimensions due to the consolidation treatments.

3.3. Vicenza stone
Vicenza unaged stone presents a bimodal pore size distribution between 0.1-0.4 and 1-11 pm and an open porosity of
31.2 % + 1.9 (figure S3 in supplementary materials).
For this type of stone, the ageing process led to a decrease in total open porosity % and in cumulative volume (Table 3).
Probably, this reduction may be related to an internal stress induced by the ageing process, which led to the clogging of
internal open porosity.
Starting from the application AP1, CAL maintains a value of total open porosity % similar to untreated stone. Instead,
treatments based on calcium ethoxide reduce this parameter in an excessively way.

Table 3. Vicenza stone samples: amount of dry matter retained after one month from the applications evaluated for samples analysed
with both MIP and NMRR and porosity data obtained by MIP.

Sample Dry matter retained Dry matter retained Total open porosity Cumulative volume
MIP (Kg/m?) NMRR (Kg/m?) (%) (mm’/g)

V_NA* - - 31.2+£1.9 1499 +£12.7

V_NT** - - 28.3+0.8 131.5+4.1
V_ETA API 0.039 £ 0.001 0.014 +0.003 249+04 113.1+4.2
V_NBU AP1 0.076 £ 0.004 0.034 +0.002 24.4+0.9 149.0+£2.2
V_BUT AP1 0.040 + 0.005 0.028 + 0.002 245+ 1.1 123.8+3.8
V_CAL APl 0.038 +0.030 0.113 +£0.025 28.1+14 139.8+3.2
V_ETA AP2 0.053 + 0.006 0.035 +0.003 24.5+1.1 121.9+104
V_CAL AP2 0.062 £ 0.001 0.022 +0.003 24.1+1.2 130.3+1.6

*NA: unaged and untreated stone, **NT: aged and untreated stone.

Respect to untreated samples (Fig. 10a), ETA causes a small reduction of volume distribution % of pores with radius
between 2-4 um and also a variation for pores of smaller dimension (0.01-1 um) (Fig. 10b). NBU leads to a decrease in
volume distribution % of pores with a radius between 0.1-0.4 um and 2-10 um and an increase in those ones between
0.4- 1 um (Fig. 10c). BUT reduces the volume distribution % of pores with radius between 0.1-0.2 um and greater than
10 um but increases those ones between 0.2-1 pm and 1-10 um (Fig. 10d). Finally, CAL leads to a decrease in volume
distribution % of pores between 0.1-0.2 pm, 2-4 um and higher than 10 pm and it leads to an increase in volume
distribution % of pores between 0.2-0.4 um and 4-10 um (Fig. 10¢e). Therefore, even if CAL leads to a change in pore
size distribution of treated stone, it maintains a value of open porosity % similar to untreated/aged stone. Figure 10f

shows how every treatment causes a pore size distribution variation by preserved at the same time a bimodal
distribution.
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Figure 10. MIP results for Vicenza stone treated with AP1: cumulative pore volume and volume distribution versus pore radius of
(a) V_NT, (b) V_ETA AP1, (c) V_.NBU_API, (d) V_BUT_API and (e) V_CAL AP1; (f) pore size distribution curves expressed
as log differential intruded volume (mm?/g) versus pore radius (um) reported for all treated and aged-untreated samples (NT).

For the application procedures AP1, the quantity of dry matter retained after one month for samples analysed with

NMRR is reported in Table 3.

The analysis of Tz distribution functions shows that ETA (Fig. 11a) causes a change especially for pores of smaller
dimensions and in a lower way for pores of bigger dimensions. NBU (Fig. 11b) leads to a change in both pore
dimensions, as detected also by MIP (Fig. 10c). Finally, both BUT (Fig. 11c), and CAL (Fig. 11d) show a variation of
both pores of smaller and bigger dimension, in accordance with MIP results (Fig. 10d and 10e, respectively).
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V_ETA API, (b) V. NBU API1, (c) V_.BUT AP1 and (d) V_CAL_API. NT: aged-untreated stone

Changes in total open porosity %, cumulative volume obtained by MIP and retained product due to application
procedure AP2 are reported in Table 3. In detail, ETA leads to a higher reduction of volume distribution % of pores with
radius >10 pm and a small increase of those ones between 4-10 um and < 0.1 pm (Fig.12a); CAL reduces the volume
distribution % of pores with radius > 2 um and slightly increased those ones with a radius between 0.2-0.4 um and 1
um (Fig. 12b). Also with this type of application procedure, both treatments maintain a bimodal pore radius distribution
as shown in figure 12c.
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Figure 12. MIP results for Noto stone treated with AP2: cumulative pore volume and volume distribution versus pore radius of (a)
V_ETA_AP2 and (b) V_CAL_AP2; (f) pore size distribution curves expressed as log differential intruded volume (mm?®/g) versus
pore radius (um) reported for all treated and aged-untreated samples (NT).

The quantity of dry matter retained after one month in samples treated with AP2 and analysed with NMRR is reported
in Table3. In both cases, NMRR results agree with MIP data. In fact, V_ETA shows a visible change in T curves before
and after treatment for pores of bigger dimension and also a variation for pores of smaller dimensions (Fig. 13a).
V_CAL presents a modification of the curve for both pores of smaller (T2< 10 ms) and larger dimension (T2>10 ms)
(Fig. 13b).
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For Vicenza stone, a good correlation between MIP and NMRR is observed. In fact, as showed by MIP, both application
AP1 and AP2 produce a change in pore size distribution well correlated with the variation of T2 distribution functions.

Conclusion

Three different consolidating treatments based on calcium ethoxide have been applied to three limestones frequently
used in the field of Cultural Heritage. Changes in pore-size distribution due to the application of consolidants were
evaluated with two different techniques: mercury intrusion porosimetry and nuclear magnetic resonance relaxometry.
Through a calibration between MIP and NMRR measurements, NMR relaxometry allowed to quantitatively get
information on pore size and to investigate in a non-destructive way the change in pore-size distributions due to the
application of these consolidating agents by making an observation of the same sample before and after treatment,
differently from MIP technique, which is quantitative but destructive.
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The overall results showed that, in most cases, there is a good correlation between the quantitative results obtained by
MIP and the ones observed with NMRR. In fact, variation in the pore size distribution between untreated and treated
samples evidenced with MIP is often correlated with the change of the shape of T2 distribution obtained with NMRR.
By considering the consolidation effect, all products based on calcium ethoxide were able to restore the initial total open
porosity % of unaged samples for Lecce stone and Noto stone; therefore, the consolidant maintained a good
compromise between consolidation action and alteration of natural properties of the stones. A different result was
obtained for Vicenza stone: in fact, the reference product maintained a value of open porosity % similar to the aged
samples (which in this case was lower respect to unaged stone) while all products based on calcium ethoxide led to a
decrease in open porosity % respect to aged samples. In general, no evident correlation was observed between the
quantity of retained dry matter and the consolidation effect.
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