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Abstract We present here a small-angle neutron scattering
investigation on typical limestone widely used in the
Baroque architecture of Modica (eastern Sicily). The aim
was to correlate the salt weathering and, after that, con-
solidating (using nanolime as consolidant product) beha-
viour of the mesoscopic features observed in the
experiment, with particular regard to the pore structure,
which determines the interaction between surface and
environmental/consolidating agents. Experimental results
have been interpreted in terms of a fractal model that
revealed successful in characterizing physical properties
induced by treatment, in order to predict the behaviour of
consolidated stone against salt weathering.

1 Introduction

The world’s artistic and cultural heritage is constantly
exposed to degradation processes, induced by both natural
and human effects that cause alterations of the structure of
the stone material by increasing the distribution of the
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pores and reducing the compactness and therefore the
durability of the architectural work. Nowadays, one of the
most serious problems facing conservation is represented
by deterioration of stone materials used in works of artistic/
architectural interest, such as lime-based wall paintings,
calcareous stones, marbles, ceramics and pottery. Air pol-
lution, soluble salts and bio-deterioration are the main
causes of decay, and the existing literature includes many
papers concerning the investigation of their mechanisms of
action [1, 2]. The preservation of stone buildings of his-
toric—artistic interest is a multi-disciplinary task that
requires a broad knowledge of the porous structure of
materials and the effects that the external environment
generates on them [3]. As a matter of fact, only after a full
understanding of the characteristics of these materials and
their behaviour during the degradation process, it will be,
in principle, possible to apply the appropriate operations
that involve not only restoration, handling and conserva-
tion, but also prevention and control [4, 5].

Water can be retained one of the main causes of dete-
rioration, since, migrating through the porous stone mate-
rial and evaporating within the pores, it leaves extremely
harmful salt deposits. The salts crystallization within the
porous structure gives rise to a pressure increasing that
originates a mechanical effect on the surface of the pore
itself, resulting in a worsening of the chemical-physical
properties of the material in the form of microcracks,
delamination of fragments and complete disintegration of
the material itself [6, 7]. Again, the environmental condi-
tions, responsible for the temperature changes, can cause
changes in the volume of the saline solution in the transi-
tion from liquid to solid state, resulting in a loss of cohe-
sion of the rock material. Known since ancient times the
degrading effect of water, great attention has always been
paid in the research of protective and/or consolidating
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agents, aimed at limiting the absorption of the fluid in the
porous medium.

In the last years, colloid and material sciences revealed
effective tools in the field of cultural heritage conservation,
increasing the performance of products and minimizing
drawbacks and negative effects [8]. In particular, it has been
proven that the use of nanoparticles in the field of conserva-
tion allows to enhance the performance of treatments [9, 10].

Recently [11], we assessed the salt weathering beha-
viour of Modica limestones, largely used in the Baroque
architecture of the cities of Modica and Ragusa (Eastern
Sicily, Italy), included in the UNESCO’s World Heritage
List since 2002. Then, degraded samples were treated with
different consolidating products, and peeling tests, point
load tests and mercury intrusion porosimetry (MIP) were
used to investigate the changes induced by treatment in the
pore structure, the correlation between salt crystallization
and microstructural features of the limestone, as well as the
efficacy of treatments. Furthermore, treated samples were
weathered in order to assess their behaviour against further
salt crystallization processes. From the results, nanolime is
shown to provide a good mechanical strength to degraded
stone and a good resistance against salt weathering.

Based on the aforementioned results, the present work is
aimed at the quantitative investigation, in a microdestruc-
tive way, by means of small-angle neutron scattering
(SANS) technique, of the porous structure evolution in
Modica limestones, during salt crystallization process and
as a consequence of treatment with a consolidating agent,
i.e. a suspension of nanolime in alcohol. As well known,
the pressure of crystallization that the salt exerts on pore
walls is strictly dependent on the porous structure. Then,
the mesoscopic structural parameters as obtained from
SANS [12] are crucial to get information concerning the
damage produced by the development of fractures and
disaggregation due to the salt crystallization in the lime-
stones. Again, SANS analysis can furnish useful informa-
tion regarding the effect of the surface treatment with
specific products that, being deposited on the surface, will
change the surface properties of the stone.

The use of SANS for the investigation of porosity at
nanoscale level, in conjunction with the already performed
routine determination of porosity at sub-micrometric
dimensional scale by usual filling methods such as MIP,
revealed appropriate because of the variability of the size
distribution [13-15].

In this sense, SANS analysis, covering the lack of
information on small pores (<10 nm), made possible to
assess with a better accuracy the crystallization pressures
process and the micro—nanostructural variations. Other than
the wide extension of the explored spatial range offered by
SANS with respect to MIP, a quite new aspect of the present
approach is given by the fact that in the SANS experiment,
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the average radius of the pores is obtained by using an
approach introduced at the end of nineties, involving the
concept of fractal surface by a direct evaluation of the total
surface area of the solid/air interface [16]. Furthermore, in
this topic, the effects of degradation process are frequently
limited to a qualitative description, while there are only a
few examples of studies on which quantitative view, as the
one investigated here, is obtained [4].

Finally, the SANS technique could be very useful in
detailed studies of particle pore distributions, which are
particularly relevant for testing a new consolidating agent;
in such cases, it is worth checking the satisfactory beha-
viour of the treatment in advance.

2 Materials and methods
2.1 Samples

Limestones analysed in this experimental study come from
a historical quarry located in Modica, in the province of
Ragusa (Eastern Sicily, Italy). This stone is largely used in
the monuments of the Baroque cities of Ragusa and
Modica [17, 18], included in the UNESCO’s World Her-
itage List since 2002.

From a macroscopic point of view, the Modica stone
samples are characterized by white—cream colour, homo-
geneous texture and medium-fine grain size. Petrographic
observations [18] revealed a grain-supported texture with
about 30 % of micritic matrix. Allochemical components,
with percentages between 40 and 45 %, consist of several
bioclasts, mainly made by fragments of echinoderms,
peloids, foraminifera, scaphopoda worms and shellfish.
Intergranular spaces are filled with micrite, locally neo-
morphosed to microsparite. The porosity (about 27 %) is
mainly intergranular. According to Dunham [19], Modica
stone can be classified as a packstone.

The salt crystallization test (or salt weathering test), was
performed on cubic specimens (5 cm). The procedure
followed for salt crystallization is that described in the
existing standard [20] Specifically, specimens (size
5 x 5 x 5 cm) underwent several crystallization cycles (1,
6, 15) consisting of: 2 h of immersion in a supersaturated
solution of sodium sulphate (14 % w/w at 20 °C), 16 h of
drying in an oven at 105 °C and 6 h of cooling at room
temperature. The weight of each test sample was measured
before the crystallization test, and after each cycle, the
resulting weight loss was determined. Real deterioration
phenomenology, which occurs outdoor and involves many
parameters, can deviate from those induced in laboratory;
however, the adoption of a standardized method represents
the only way to assure a certain repeatability and repro-
ducibility of the experiment.
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Before consolidation, desalinization of weathered samples
has been performed through immersion in distilled water for
24 h, and after this, water was discarded and the process was
repeated with new distilled water. The procedure was stopped
as the water conductivity reached a constant value. This
procedure, if applicable, represents a desirable process in
restoration works, in order to remove salts from the stone,
since they can be highly dangerous once entrapped in the
porous structure after a consolidation treatment. The
desalinization method used in this paper is quite different
from those procedures adopted in situ by restorers, the latter
can in fact lead to highly variable effects, while our desalin-
ization method provides more reliable results.

For the stone consolidation treatment, we used nanolime
(nLime) (Nano Restore, CTS, Italy), a suspension of nano-
sized lime (CaOH,) in isopropyl alcohol having a con-
centration of 5 % m/m. This product, despite having a great
potential for the restoration of cultural heritage, has to be
better explored, in terms of efficacy on a variety of mate-
rials, as well as in terms of long-term behaviour. These are
probably the main reasons for its limited use, at least up to
now. Specimens have been immersed in the suspension for
15 days, and then, samples were allowed to dry at room
temperature (25 °C). Measurements have been performed
after a month, when a constant value in the sample mass
was achieved.

The experimentation consisted of two steps: (1) salt
weathering of untreated samples (Fig. 1) and (2) stone
consolidation. It is aimed at understanding the behaviour of
consolidation treatment in different situations: slightly,
moderately and highly degraded material.

Table 1 reports the sample list. It is worth remarking
that, for each sample group, different sections have been
analysed, so the reported SANS spectra are averaged for
the different sections of each group.

Fig. 1 Unweathered and weathered Modica stone specimens

Table 1 List of analysed samples and details on the experimentation

Sample Step 1, salt Step 2, Number
group weathering (number desalinization +  of samples
of cycles) consolidation

U - - 3

W1 1 - 4

W6 6 - 2

W15 15 - 2
W1l-nLime nLime 3
W6-nLime 6 nLime 3
W15-nLime 15 nLime 2

2.2 Small-angle neutron scattering (SANS)
measurements

The aim of a SANS experiment is to obtain structural
information about inhomogeneity in materials with a
characteristic size approximately ten to hundreds of ang-
stroms [21]. SANS allows determining shape and organi-
zation, averaged in time, of particles or aggregates
dispersed in a continuous medium.

In a SANS experiment, a beam of collimated neutrons of
wavelength hits a sample, illuminating a volume V, which
can be an aqueous solution, a solid, a powder or a crystal.
The scattering centres (nuclei) of the sample form a grating
(space lattice) of periodicity equal to the average atomic
distance, d, which deflects the neutron trajectories. In an
ideal case, the neutron beam can be viewed as an assembly
of particles flying in parallel directions at the same speed. It
can be described by a planar monochromatic wave having a
propagation equation that can be written as

(p('xﬂ t) = @Oeixk’x*wt)? (1)
where 27/T is the pulsation and k; is the incident
wavevector. Some of the incident radiation is transmitted
by the sample, some absorbed and some scattered. In
SANS, only the coherent elastic interaction between the
neutron beam and the sample is considered. In an elastic
scattering event, the scattered particle does not exchange
energy with the scattering medium so that its wavelength
remains unaltered, only the wavevector changes direction.
The exchanged momentum indicates the difference
between incident and scattered wavevectors, and its mod-

ulus is expressed by
4 0
= 77[ sin 3 (2)

where 0 is the angle between Ef and k;. Combining the

K — ki

d| -

latter equation with Bragg law, one obtains ‘Q‘ =2n/d,

being d the interlayer spacing between two layers in a crystal
lattice. Hence, for investigating large-scale structures, very

@ Springer



721 Page 4 of 9

C. Bottari et al.

small Q values are necessary, whereas large Q values allow
exploring small scattering centres or distances.

The objective of a SANS experiment is to determine the
scattering intensity versus exchanged momentum, /(Q),
which is a picture in the reciprocal space of mesoscopic
features of sizes between 10 and 104 A, so providing
information on the shape, size and interactions of the
scattering bodies (assemblies of scattering centres) in the
sample. It is generally expressed [12, 21] as follows:

1(Q) = ®P(Q)S(Q) (3)
In this expression, ® =N/V is the number density,
expressed in cm_3, where N is the number of scattering
centres and V is the volume of the sample.
Again, P(Q) is defined as:
2>
(4)

P(Q) = (IF(QI") = <
in which p(7) and p, are the coherent scattering length
density of the scatterers and of the continuous medium,
respectively. Their difference K = p(¥) — p, is named
contrast. The Fourier transform of the contrast evaluated
over the volume of the particle is the form factor F(Q).
P(Q), the square of the modulus of F(Q) averaged over the
ensemble of particles, depends on the geometrical form and
dimension of the mesoscopic units within the sample.

For diluted particles, the value of P(Q) in the range
where QR < 1, if R is the particle radius, is given by [22]

P(Q) = K*V? exp(—QzRg /3), (5)

[ o) = polexo (10 )

in which R, is the radius of gyration of the particle and
V its volume.

At large values of Q, the scattered intensity becomes
independent on the shape of the particle and is dominated
by surface scattering. In this domain, P(Q) is given by the
Porod equation:

P(Q) = 2nK*sQ™* (6)

where S is the total area of the surface.

Finally, S(Q) is the interparticle term, an effective
structure factor defined by:

(F(Q))*
(IFF)

In the above expression, the structure factor S(Q) is
related to the Fourier transform of the pair correlation
function g(r) by:

S(0) =1 +<P/[g(r) - l]exp<ié-?)d7, (8)

ol
—~

Q) =1+ [S(Q) —1]. (7)
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where ®@g(r) indicates the probability of finding a particle
at a distance r from a particle situated at the origin.

As a matter of fact, S(Q) describes how I(Q) is modu-
lated by interference effects between radiation scattered by
different scattering bodies.

Starting from the late 1980s, SANS technique has been
widely used in petrography to demonstrate the fractal char-
acter of rocks, determining their fractal dimension [23].

Fractals are characterized by self-similarity within some
spatial range, i.e. the structure is independent on the length
scale of observation in that range. If one measures the mass
M of a material in a volume rd,, it is related to that length
scale by M(r) ~ rP, where D is the fractal dimension,
smaller than the dimension d of the space. The density of
the sample varies as pr”~¢, and by Fourier transform, one
obtains the scattering law

10)~ Q. 9)

For fractal surfaces characterized by a surface fractal
dimension Dy (2 < D; <3), the scattering law becomes

1(Q) =~ Q P (10)

The above relations are valid for ideal fractals
throughout the Q range, whereas, for real fractals, they are
applicable only over a limited Q range, 571<Q<r0’ !
where rg is the size of single particles in an aggregation
process, and ¢ the size of the aggregates.

SANS measurements were performed on the PAXY
spectrometer at the ORPHEE reactor of the Laboratoire
Léon Brillouin (LLB, Saclay, France) [24]. Two configu-
rations have been used: large Q with A =5 A, sample-
detector distance =5 m and Q range extending from
13x 1072 to 98 x 102A™"; and small Q with
=16 A, sample-detector distance = 5 m and Q range
extending from 3.9 x 107> to 3 x 1072 Al

Measured samples were cut in thin sections (thickness
<1 mm), in order to minimize problems arising from
multiple scattering effects. It is worth remarking that even
if SANS is a useful technique for nondestructive mea-
surement, in this case, we are operating in microdestructive
conditions. No appreciable neutron activation of the sam-
ples was found after the experiment. By the standard LLB
SANS routines, the two-dimensional intensity distributions
were corrected for background and normalized to absolute
intensity by measuring incident beam intensity, transmis-
sion and thickness of each sample. By integrating the
normalized two-dimensional intensity distribution with
respect to the azimuthal angle, we obtained one-dimen-
sional scattering intensity distributions 7(Q) expressed as
the unit differential cross section per unit volume of the
sample (cm™"). The obtained results have been compared
to those obtained from mercury intrusion porosimetry
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(MIP) analysis, which consists in the progressive intrusion
of mercury into a porous structure under controlled pres-
sures. From the pressure versus intrusion data, it is possible
to calculate volume and size distributions of pores, the
higher is the pressure the smaller are the pores. Moreover,
it is possible to calculate the backbone and the percolation
fractal dimensions [25], Dg and Dp, respectively, the first
one is related to the larger pores, while the second is cal-
culated from the smaller ones.

3 Results and discussion

One of the main difficulties encountered in the interpreta-
tion of SANS data from natural stones with organic content
derives from the multiphase character of the scattering
medium, that contains, other than specific lithological
components, entrapped water and gas (or even voids
spaces). However, for the purposes of the study of the
surface roughness and porosity, the systems can be con-
sidered as composed of grains, water and/or voids [26].
Treated samples are assumed as the same as untreated
ones, since nanolime, once reacted, turns into calcite,
which has similar composition and can be assumed having
similar morphology in comparison with the stone. Weath-
ered stone contains a certain amount of residual sodium
sulphate; however, even in this case, the system is sim-
plified as for untreated specimens.

Figure 2 reports, in a log-log plot, the evolution of the
SANS profiles upon degradation induced by salt crystal-
lization (Fig. 2a) or by consolidation (Fig. 2b).

From a first inspection of the figures, it seems that the
main differences in the experimental profiles can be
observed in the low-Q region of the spectra that, as
described in Sect. 2, gives information of the radius of
gyration R, of the mesoscopic units. In the high-Q region,
the linear behaviour of I(Q) testifies the fractal nature of
the interfaces between grains in the sample. In this range,
the slope of the curves, associated with the surface fractal
dimension, look almost similar.

Now, making reference to an empirical approach [27],
already successfully applied for a variety of stones of
historical-artistic interest [13—15, 28, 29], the description
of SANS spectra has been performed hypothesizing the
existence, for our investigated limestones, of two inde-
pendent populations, associated with mesoscopic units with
different dimensions and geometries. On one side, “small”
units, i.e. new formation mineral clusters or crystallites, are
accessible in the investigated Q range, on the other side,
“big” units, i.e. voids or mineral aggregates, have typical
size out of the experimental spatial window, and hence,
only their surface can be probed.

(a)

I(Q) (cm™)

10° +————+m —————
107 , 10
QA"

Fig. 2 a Experimental SANS spectra of Modica stones weathered by
1, 6, 15 salt crystallization cycles (W1, W6 and W15 specimens,
black, red and green open circles, respectively). The spectra are
normalized with respect to untreated U specimen. Error bars within
symbols. b Experimental SANS spectra of Modica stone weathered
by 6 salt crystallization cycles (W6 specimen, black closed circles)
and, after that, treated with Nanorestore® (W6-nLime specimen, red
closed circles). Error bars within symbols

Because of the substantially different dimensions of the
corresponding structures, these two populations will inde-
pendently contribute to the scattering, and hence, the
resulting fitting law will be the weighted sum of a Guinier
law ascribed to “small” units, and a power law associated
to “big” units, plus a low-level scattering background B
representing the contribution of incoherent scattering of
hydrogen atoms:

_ N2 RZ
1(Q) = Cyexp Q3 :

+C0* +B. (11)

In the above expression, the prefactors C; and C, con-
tain the relative intensity of the Guinier and power laws.
The radius of gyration R, provides the mean size of newly
formed mineral clusters or crystallites, whereas the expo-
nent o is related to the surface fractal dimension Dy by
o = 6 — Dy and accounts for the roughness of the voids or
mineral aggregates. According to the fractal mod-
el,2 < D; <3, so implying 3 < a <4. The two-dimensional
Euclidean exponent Dy = 2 (and hence o = 4) is restored
for particles with sharp interfaces.

Figure 3 depicts the best-fit results as obtained for
samples U, W15, and W15-nLime, as examples.

@ Springer
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Q) (em™)

I(Q) (em™)

10° . 10"
Q(AY)

Fig. 3 Experimental SANS spectra (black open circles) of U (a),
W15 (b) and W15-nLime (c) samples, together with the best-fit (red
line) according to Eq. (11). Error bars within symbols

For all the analysed samples, the extracted values of Ry,
o and Dy are reported in Table 2.

Firstly, we observe that the value of the fractal exponent
o turns out always between 3 and 4. This indicates that the
fractal surface model applies well to all the analysed
samples and suggests that structural rearrangements reac-
tions occur with the development of “viscous finger”
interfaces with fractal geometry, in agreement with what

Table 2 Radius of gyration Ry, fractal exponent o and surface fractal
dimension Dy for all the investigated samples (see text for details)

Sample Ry [A] o Dy

U 453.5 3.49 2.51
Wi 304.1 3.53 2.47
W6 321.9 3.57 2.43
W15 401.6 3.69 2.31
W1-nLime 307.4 3.40 2.60
W6-nLime 396.9 3.56 2.44
W15-nLime 406.6 3.67 2.33

Error bars for R, are, on average, of the order of 7 % (4 and 10 % for
the lower and the higher values, respectively). Error bars for o and D;
are of the order of 1 %. The quality of the fitting is testified by Chi-
square ~0.9999

@ Springer

already observed in a variety of stones of different type
[4, 13-15, 27].

Weathering is shown to cause an initial falling down of
R, with respect to untreated sample, whose highest value of
R, suggests a sub-micrometric granulometry of the meso-
scopic structure. After that, a progressive enhancement is
revealed when the number of cycles of salt crystallization
increases. This trend is indicative of an initial structural
rearrangement, followed by a growing of the corresponding
mesoscopic aggregates.

The degradation associated with an increasing of the
number of cycles of salt crystallization causes an
enhancement of the sharpness of the interfaces, as
expressed by the increased value of o. This result, in
agreement with a previous neutron radiography study on
the deterioration processes in limestones [30], can be jus-
tified thinking that salt crystallization can generate cracks
within the material that, in turn, can generate new pores
and also connections between blind pores and open pores
structure [6].

Passing from the weathered samples to the correspond-
ing treated ones, one can observe that treatment with
nanolime contributes to slightly enlarge the size of the
“small” units and induces, at the same time, an increasing
of the value of Dg associated to the “big” aggregates.
These occurrences can be explained in terms of a chemical
affinity of nanolime for specific sites on the interfaces, and
testify the efficacy of the treatment.

Again, the low-level scattering background B obtained
by the fitting procedure, representing the incoherent scat-
tering contribution due to hydrogen atoms, allows an
estimation of the number Ny of hydrogen atoms per unit
volume of the sample, by using:

B T
o= &= (2) w1078 0
& N0

in which 6y, = 80 x 10%* cm? represents the incoherent
cross section of hydrogen. B and Ny values are reported in
Table 3 for all the analysed samples.

Table 3 Low-level scattering background B and corresponding
number Ny of hydrogen atoms per unit volume for all the investigated
samples

Sample B (cm™Y) Ny (10%' em™3)
U 0.012 1.88
\4! 0.019 2.98
w6 0.015 2.36
W15 0.015 2.35
Wl-nLime 0.008 1.26
W6-nLime 0.014 2.20
W15-nLime 0.009 1.41
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For all samples, hydrogen atoms are those of water
molecules adsorbed in pores or located at the interfaces.
Their number per unit volume of the sample will be given
by Ni,0 = Nu/2 = 0.94 x 10! cm™>.

Weathered samples show higher values of Ny with
respect to untreated and consolidated stone. This can be
due to the higher affinity of the residual salts within the
porous structure; indeed, sodium sulphate has a strong
hygroscopic feature. The consolidation of weathered sam-
ples has been carried out once desalinization, so there is not
any salt crystals left into the stone.

In addition, mercury intrusion porosimetry (MIP) mea-
surements were already performed on these samples [9],
and the data have been now processed taking into account
the method proposed by Angulo et al. [25], in order to
extract information about the fractal characteristics of the
pore space of the sample material. In our case, linear
regions in the log-log plot of intrusion volume versus
pressure have been recognized, implying that pore volume
has fractal dimensions. The value of the fractal dimension
of the material in the linear range is extracted from the
inverse log of the equation. In particular, the presence of
two regions of linearity is found in the data from the
investigated materials; this is attributed to there being two
different processes related to pore space. The lower pres-
sure linear region occurs during “backbone formation”
(larger pores) when mercury is finding a conductivity path
through the pore structure. The adjacent linear region at
higher pressure occurs during “percolation” (exploring
smaller pores) where flow through the medium is opti-
mized. From them, we obtained, the backbone fractal
dimension Dg and the percolation fractal dimension Dp,
respectively. The backbone fractal dimension Dg is cal-
culated from large pore size exploration, while the perco-
lation fractal dimension Dp is related to the small pores.
Their values are reported in Table 4.

Regarding the fractal dimensions calculated from MIP
measurements, it is worth to note that the percolation
fractal dimension Dp is quite insensitive to the degradation
process, as well as to the consolidation procedure. On the

Table 4 Backbone Dy and

percolation Dp fractal Sample Dy Dy

dimensions for all the U 274 208

investigated samples (see text

for details) Wi 2.69 2.99
W6 2.68 2.98
W15 2.62 3.00
Wl-nLime 2.62 2.98
W6-nLime 2.64 2.98

W15-nLime 2.46 2.99

Error bars for Dg and Dp are of
the order of 1 %

contrary, the backbone fractal dimension Dg has similar
trends to Ds extracted by SANS.

3.1 Determination of the total surface
of the interfaces and other relevant aspects

In the framework of the fractal model, a comparison, in the
high-Q range, of the linear fit for the scattered intensity
1(Q), given by C,Q“ with the Porod’s law I(Q) =
2nK2SQ~* allows an estimation of the total surface S of the
interfaces per unit volume of the sample. It is worth
remarking that all interfaces are “seen” by the neutron
probe, included closed pores. In the above expression, the
contrast K? was calculated from an average density
weighted by the fraction resulting in the quantitative
chemical composition previously determined by XRF
measurements not reported here.

Specifically, chosen two different Q values within the
fractal domain, namely Q; = 0.04 A 'and 0, = 0.1 A7,
the comparison gives C;07* = 2nK>Sp, Q7 and C,05* =
2nK%S0,05* for Q) and Q,, respectively. Sp, and Sy, are
measures of the same interface area evaluated at a scale
1/0; and 1/Q,, respectively.

Table 5 reports the obtained C,, K2, Sp, and Sy, values.

In Table 5, we also report the evaluated number of
hydrogen atoms per unit interface area, Ny / Sg,. For this
calculation, the use of Sp,, corresponding to a uniform
coverage of the interfaces with molecules of sizes 1/Qa,
appeared more appropriate, considering the size of the
molecules of the adsorbed layer. For all the investigated
samples, this value turned out to be almost equal to 5 water
molecules per A2, This value is relatively high, especially
considering the literature [31] that had calculated a value of
about few molecules for A2 absorbed for the formation of a
water monolayer on a calcite surface. It is reasonable to
assume that in our case a multilayer, is present at the grain-
air interface. Sample W15 shows higher value of Ny /So,,
and this can be due to the higher amount of salt, which has
a higher affinity towards water.

Finally, a rough estimation of the average size r of
“big” mesoscopic units (voids/mineral aggregates) was
attempted. Considering each sample formed by n spherical
grains of total volume V; and total surface area S;, knowing
the apparent density p,,, and the bulk density py, of
limestones and corresponding bulk materials, respectively,
the ratio V,/S, provides the average radius of the grains:

Pay
E:%nmszle_ﬁ (13)
S, 4nmr? 3 So,

where the total area of the interface S, is in this case
evaluated with the gauge 1/0Q;.
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Table 5 Prefactor Cs, contrast K2, total area of the interfaces per unit volume Sy, and Sp,, number of hydrogen atoms per unit interface area

Ny / Sg,, average pore radius r as extracted from SANS data

Sample Co (x107%) K* (10%° cm™) Sp, (m*/cm?) S, (m*cm?) Ny /S, (10" em™2) 7 (um) rig (Hm)
§] 6.9 16.85 1.18 1.92 0.98 0.46 0.52
4! 8.7 16.85 1.59 2.54 1.17 0.51 0.57
w6 7.1 16.85 1.63 2.43 0.97 0.57 0.59
W15 5.1 16.85 1.03 1.60 1.47 0.82 0.40
W1-nLime 4.1 16.85 0.58 1.00 1.26 1.15 0.55
W6-nLime 73 16.85 1.47 2.28 0.96 0.62 0.63
W15-nLime 3.4 16.85 1.04 1.43 0.99 0.84 0.82

The overall systematic accuracy is of the order of 10 % for Cy, S, and Sp,, and 1 % for r. K? values are very accurate, being obtained from a
calculation made from the chemical composition, which is known with accuracy. The number of hydrogen atoms per unit interface area Ny / S0,
and the average pore radius ry, (extracted from Hg intrusion porosimetry) are also reported

The so calculated r values are also summarized in
Table 5. It is worth of note that r turns out to increase as a
consequence of consolidation, occurrence that evidences
once again the consolidating efficiency of nanolime. Fur-
thermore, these values have been compared with the average
pore radius obtained, for the studied limestones, by usual
porosimetric analysis using Hg as filling agent [11]. An
overall agreement of the data obtained by Hg porosimetry
with those extracted from neutron scattering data can be
recognized. This agreement, already observed in other
materials of historical-artistic interest [13], confirms once
again the appropriateness of the parameter « in investigating,
in a noninvasive or at least microdestructive way, porosity.
Some discrepancies are revealed for W15 and W1-nLime
samples, but they can be mainly ascribed to the fact that, in
contrast to Hg porosimetry by which only open pores are
accessible, SANS explores both open and closed porosity.
Furthermore, if, on the one side, ryg is directly extracted by
MIP, r, on the other side, is an indirect result based on the
calculation performed according to Eq. (13), so taking into
account all the assumptions involved. Again, mercury
porosimetry probes only pores with size larger than 50 A,
whereas r obtained in our model starts from the fractal
exponent «, and, hence, will be associated to “big” units
(voids/mineral aggregates) whose size falls out of the
experimental window (i.e. > 1/QOpmin ~260 A). In addition,
we remark that, among “big” units, there is no possibility to
distinguish between grain and voids. Finally, in the calcu-
lation of r, we used spherical grains, whereas Hg injection
porosimetry probes pores cylindrical in shape.

4 Conclusion
In the present paper, a fractal model has been used to

analyse SANS patterns of Modica stones, a limestone lar-
gely used in the Baroque architecture of eastern Sicily. It

@ Springer

has been explored the evolution of the stone microstructure
during salt crystallization weathering, as well as after
treatment with nanolime, an innovative consolidating agent
used in the field of restoration.

The comparison between the radius on gyration (Ry)
measured for untreated and weathered stones suggested
the formation of smaller mesoscopic structures, which
can be associated to the new porosity generated by
cracks, but also to the salt crystals within the pores. Such
crystals tend to grow with weathering cycles, as testified
by the increasing of R,. Again, weathering is shown to
give rise to an enhancement of the sharpness of the
interfaces, as expressed by the increased value of «. On
the other side, the consolidation induces the formation of
bigger aggregates and the reduction of the sharpness of
the interfaces, representing an evidence of the consoli-
dating efficiency.

The number of hydrogen atoms on the grain-air inter-
face has been calculated for all samples. H-atoms are
related to the presence of water, about 5 water molecule
per A? have been estimated, this is compatible with a
multi-layered water on the interface. Moreover, the higher
amount of hydrogen on weathered samples can be asso-
ciated with the presence of sodium sulphate within the
stone porosity, since this salt has strong hygroscopic
behaviour. SANS technique has shown a good sensitivity
for probing differences of the microstructures in stone
materials induced by salt weathering, as well as by con-
solidation treatments, that can be hardly checked with
common analytical techniques. Finally, the advantages of
SANS in detailed studies of particle/pore distributions,
with respect to routine determination of porosity, have
been discussed, and the obtained results can give a rele-
vant contribution in the restoration procedure of historic—
artistic monuments, that is not possible without a full
understanding of textural and physical-mechanical prop-
erties of the involved materials.
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