Investigation of nano-microstructural changes in Maastricht limestone
after treatment with nanolime suspension
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Abstract

Nanolimes are dispersions of nanosized Ca(OH): particles in alcohols often used for the
consolidation of various types of cultural heritage objects. The consolidation effect is based
on the transformation of Ca(OH)2 into CaCO3 phases during carbonation process. The
detection of microstructural changes consequent to a consolidating treatment (essential to
evaluate its effectiveness), was approached adopting the innovative combination of two
advanced techniques, covering a range in pore size from the nanometric to the millimetric
scale: small angle neutron scattering (SANS) and synchrotron X-ray micro-computed
tomography (u-CT). The changes in the 3D microstructure of samples of Maastricht
limestone, a well-known weak stone material considered as a sort of ‘standard’ in cultural
heritage conservation studies, pure and treated with nanolime dispersions, have been
described in a fully non-invasive fashion, overcoming the limitation of previous approaches.
The application of nanolime resulted to have a limited positive effect in reducing the fine
porosity. Its time-evolution was attributed to the progress of the carbonation reaction. On the
contrary, the treatment produced positive effects on the porosity in the size range covered

with p-CT, reducing the pore accessibility between 30 and 65 pum, suggesting an
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improvement of the mechanical properties. The combined use of SANS and p-CT represents

and novel methodological approach in support of cultural heritage conservation works.

Keywords: Limestone; nanolime; consolidation; porosity; neutron scattering; X-ray

tomography.

1 Introduction

Lime-based materials, which harden thanks to the conversion of Ca(OH): into calcium
carbonate (CaCOs), which occurs by intervention of atmospheric CO3, have encountered the
favour of practitioners as consolidating agents to be employed in the preservation of cultural
heritage objects. They are preferred to organic polymers and alkoxysilanes, used in the past,
because of their better compatibility with many substrates, an aspect which is now recognized
decisive in the conservation practice [1-4]. Between the lime-based products on the market,
the performance of the recently proposed alcoholic suspensions of nanosized Ca(OH). stands
out when compared to traditional applications of lime water [2-4]. They possess much higher
surface area and reactivity, and don’t show the downsides of the latter, such as the high
volume of water and high number of application required [1]. For this reason, their range of
application spans from preservation of stones and wall paintings, to wooden objects,
manuscripts and canvas [3].

The carbonation of Ca(OH)., is a multistep process (described e.g. in [5]), whose rate strongly
depends on the conditions of temperature, relative humidity, degree of supersaturation, ion
concentration, ionic strength, type and concentration of additives/impurities and may result in
different CaCOs polymorphs [6-8]. From them, three anhydrous crystalline phases are known:

calcite, aragonite and vaterite [8-9].



One major problem encountered in the conservation practice is the evaluation of the
effectiveness of the treatment, especially when considering that almost every application
substrate has unique characteristics and that this type of investigation should be ideally
accomplished without perturbing the sample. Electron and/or optical microscopy are by far
the most frequented approaches to the task. Unfortunately, they suffer from lack of
representativeness, because of the small volume investigated, the objective difficulty in
recognizing the newly formed carbonates in matrices containing already calcium carbonate
(e.g. carbonatic rocks), lack of quantitative description of an adequate volume of sample and a
relatively invasive sample preparation. Widely used mercury intrusion porosimetry may cause
the modification of the inner matrix of fragile samples, due to penetration of liquid mercury
under high pressures into the pore matrix. Other invasive approaches, like e.g. measurements
of drilling resistance, or compressive strength are not suitable for valuable samples originating
from cultural heritage objects, when only very limited amount of material can be collected.
The overview of other techniques used for the evaluation of consolidation procedure are
described in [1] and references therein.

In this paper, the innovative combination of small angle neutron scattering (SANS) and
synchrotron radiation X-ray micro-computed tomography (u-CT) is employed to
quantitatively describe, in a fully non-invasive fashion, microstructural changes induced in a

porous rock by a consolidation treatment with nanolime.

2 Experimental

The Maastricht limestone is a calcarenite stone employed in construction in northern Europe
(mostly in Belgium and The Netherlands) well-known for its high porosity [10]. Untreated
fresh Maastricht limestone was used as reference material. In order to limit multiple scattering

effects during SANS measurement, and cover a representative volume in reasonable time



during u-CT data collection, two different shapes of samples were used for the experiments,
as depicted in Fig. 1.

Consolidation treatment was done by two applications of 391 pl (or 118 of pul in case of
smaller u-CT specimens) commercial nanolime suspension (CaLoSil E25, ccaony2 = 25 g 12,
IBZ — Salzchemie). The second treatment was done after 24 hours. Prepared samples (see Fig.
1) were kept in climate chamber under controlled conditions of 65(5) % RH, 20(1) °C and
450(50) ppm CO: for 6 weeks. In case of SANS measurements, also the changes in
nano/microporosity during the development of carbonation reaction were studied,

investigating samples aged for 3 days, 3 and 6 weeks.

Fig. 1. The visualization of samples of Maastricht limestone used for SANS (on the right) and

M-CT testing (on the left).

The slices prepared from fresh Maastricht limestone for investigation with SANS
technique were about 2 mm thick to reduce the effect of multiple scattering. Data were
collected at two different wavelengths (A = 5.0 and A = 10.0 A) as dependence of intensity (1)
on the scattering angle 26 in the Q range 0.0015—0.4500 A,

Q is defined as:

Q =47nsin29 1)



Data were acquired using three sample-to-detector distances (1.5, 8 and 20 m) with the
KWS-2 instrument [11] at JCNS at the Heinz Maier-Leibnitz Zentrum MLZ in Garching
(Germany). Raw data were converted to absolute scale using signals from empty beam and
black matter and, finally, data collected at different distances were merged together using
QtiKWS software developed by JCNS. The 1-D scattering curves (I vs. momentum transfer
(Q)) are obtained by radial averaging of the data in the 2-D patterns collected at the detector.
From 1-D SANS curves, information about the shape and size distribution of the scatterers (in
our case, pores) can be retrieved. For the description of the complex microstructure of porous
solids, a spherical form factor for the pores, is usually adopted [12-14]. Under this
assumption, the volume weighted pore size distribution can be obtained through the fit of the
SANS curves [15-17]. To this aim, the software McSAS [18], implementing a procedure
based on the Monte Carlo method, has been employed.

In a SANS experiment, the detected intensity depends on the scattering contrast (function
of the strength of the interaction of the neutrons with matter) in the investigated volume of
sample. The latter is defined by the beam spot size (around 1 cm) and thickness. The
technique is fully non-invasive, representing an attractive alternative to other methods for
detecting porosity in solid matrices. In most cases, a representative volume of sample can be
probed. A detailed theoretical background on the technique is outside the scope of the present
article, and can be found elsewhere [19]. It is here worth noting that, in a porous solid, the
scattering contrast arises because of the difference in scattering strength between the matrix

and the air in pores (being the latter negligible). The size of the scattering objects (pores) is
inversely proportional to Q, and, at high Q (Q > 1/R’ where R is the object radius),

irrespectively of the pore shape, the SANS curve depends solely on the surface characteristics
of the pores. In a double logarithmic plot 1(Q) vs. Q, a change in slope of the curve marks the

boundary between two different surfaces corresponding to different length scales. The



analysis of the slopes is therefore conveying information about the multiscale nature of the
microstructure [20]. Within one scattering regime, the SANS curve can be described by a
power law:

lim 1(Q) = B (i)n ()

Q- Q

The exponent n in Eq. 2 is a measure of the fractal nature of the scattering objects [21].
When 1 < n < 3, we have mass (or volume) fractals with fractal dimension D = n. When
3 < n < 4, we have surface fractals, with fractal dimension Dg = 6 — n. The exponent n = 4
for sharp and smooth surfaces. In this case, the scattered intensity becomes proportional to the
specific surface per unit volume of sample [22].

p-CT data were obtained at the SYRMEP beamline located at the Elettra Sincrotrone
facility (Trieste, Italy). Overall, 3000 X-ray tomographic projections have been collected for
each sample in region-of-interest mode over a full rotation of 360°. Two replicates and 2
vertically displaced volumes for each sample were measured with an effective pixel size of
1.4 um x 1.4 um in phase-contrast mode and sample-to-detector distance of 150 mm [23-24]
with 1 s exposure/projection time. The images reconstruction, processing and quantitative
image analysis were conducted with software packages developed at Elettra [25-27]. More
detailed description of the data treatment can be found elsewhere [14,28]. An anisotropic
diffusion filter followed by image segmentation with the automatic Otsu’s method [29] have
been adopted to allow for the pore identification. In order to reduce the computation time
during quantitative image analysis, a suitable volume of interest was determined by
calculating Representative Elementary Volumes for each sample. The calculated sample
parameters obtained were: porosity (@) [%], specific surface area (Sv [mm™]) and fractal
dimension (D). The latter, is reflecting the fractal nature of the pores, according to the fractal
theory [21], in the same way as for the analysis of the slope of the SANS curves described

above. Moreover, the MIP simulations and the unconstrained pore size distribution (PSD)



obtained from 3D continuous approach, as detailed in [30], were calculated using the Pore
Size Distribution plugin [31] implemented in Fiji software [32]. The pore accessibility of
samples was determined by the ratio between PSD obtained from MIP simulations and PSD
calculated using 3D continuous approach [30]. Therefore, its value is sensitive to the presence
of ‘necks’ in the connected open pore network, which impair fluid penetration.

X-ray powder diffraction using D8 Advance diffractometer (Bruker AXS) in Bragg-
Brentano geometry was employed to define the mineralogical composition of the untreated
stone. Voltage and current of X-ray generator were set to 40 KV and 40 mA, respectively.
Data were collected on a LynxEye 1-D silicon strip detector. CuK, radiation was selected
through a Ni filter. Samples were measured at laboratory temperature in the angular range 15-
90° 26 with a virtual step scan of 0.01°, counting 0.4 s per step and spinning the sample at 15
rpm (in order to obtain better particle statistics). Rietveld refinement method [33]
implemented in software Topas 4.2 (Bruker AXS) was employed in order to perform

quantitative analysis of mineral phases (QPA).

3 Results and discussion

The QPA using Rietveld refinement on fresh Maastricht limestone revealed that the average
composition was 99.8 wt. % of calcite and 0.2 wt. % of quartz. Thus, the consolidation with
Ca(OH). nanoparticles fully meets the requirement of compatibility with substrate, because,
after some time, they transform into CaCOs, as mentioned above. The detailed
characterization of the used nanolime suspension, CaLoSil E25, is described e.g. in [8].

SANS measurements revealed very small changes in the obtained data. As an example, in
Fig. 2, the SANS curve pertaining to the sample of Maastricht limestone treated with CaLoSil
E25 and carbonated for 3 weeks, is illustrated, together with the best fit obtained with the

MCcSAS software. The analysis of the slope of the scattering curves scales revealed the



presence of two scattering regimes in all the samples: one at low @Q, characterized by slope -4
(Porod regime), connected to a partially resolved Guinier regime (the region where the curve
flattens), and one at high Q, with slope between -3 and -4 (see Table 1). According to the
fractal interpretation, the former indicates a smooth pore surface and the latter a surface
fractal. The increase in fractal dimension Ds after the treatment corresponds to an increase in
the complexity of the pore surface (in this range of sizes). A slight but detectable decrease of
Ds with time, likely reflects the progressive development of calcium carbonate, with a

reduction of the pore surface roughness.
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Fig. 2. Normalized 1D SANS curves of (a) the untreated sample of Maastricht limestone and
samples treated with nanolime kept in climate chamber for 3 weeks. In the inset of Fig.2a are
shown 2D spectra of REF sample collected at three different sample to detector distances.
Normalized 1D REF spectrum was produced by merging of three curves obtained from radial
averaging of appropriate 2-D patterns and (b) example of one of measured SANS curve of
Maastricht limestone samples consolidated with nanolime suspension and carbonated for 3
weeks in climate chamber. As dotted symbols are presented experimentally obtained data
(standard errors within symbols) and the best fit is reported as continuous line. The Monte
Carlo method implemented in McSAS software was used for the fit. The regions with

different regimes are labeled.

To retrieve a quantitative information about the porosity of samples, in the range covered
by the experiment, the fit of the SANS data was accomplished calculating the scattering
contrast for neutrons, assuming CaCOs and air (present in pores). Results of the fit with the
MCcSAS software are depicted in Fig. 3. It can be observed that the pores of sound and treated
samples were distributed mainly around 200 nm with some negligible amount of pores with

radius between 2 and 20 nm.
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Fig. 3. Volume-weighted pore size distributions as determined from SANS curves of treated
samples carbonated for 3 weeks. It can be noted that nanolime treatment slightly decreased

the radius of pores in the region around 200 nm.
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These findings are in line with the results recently obtained using nanolime additivated with
synthetic CaCOz polymorphs particles [17]. As reported in Table 1, the total porosity was
decreasing with increasing carbonation time. However, at variance with this trend is the value
relative to the samples collected after 6 weeks of carbonation time, exhibiting porosity
comparable with the untreated sample. The reason could be the heterogeneity of the
Maastricht limestone microstructure and the presence of many fossils of variable size (see
Fig. 4 — images from pu-CT measurements) hosting closed porosity. In fact, SANS is sensitive
to both types of pores. It can be argued that the results obtained from the samples after the
treatment are not so positive because ‘diluted’ by the contribution of the closed pores, not
accessible to the consolidant. Taking advantage of the SANS contrast variation technique,
already applied for different CaCOs system [34], the contribution of the open porosity can be
obtained [35]. After soaking the sample in a mixture of D>O and H;O, calculated to exactly
match the scattering contrast of the solid matrix (CaCO3), the neutrons shall ‘see’ only the
closed pores, therefore, by subtracting this signal to the one from the dry sample (hosting
open and closed pores), the open porosity can be retrieved. It must be concluded that to
correctly describe the evolution of nanoporosity during the carbonation reaction of nanolime,

new experiments (which are already planned) and on more replicates, will be needed.

The u-CT measurements were performed on untreated samples and samples treated with
CaLoSil E25 cured for 6 weeks in climate chamber. An example of the axial view after
reconstruction of the VOI of REF sample is depicted in Fig. 4a. Cross-sectional axial 2D
section u-CT segmented images collected for untreated sample before and after filtering, are
shown in Fig. 4b and Fig. 4c, respectively. The pore network is characterized by a high
number of pores, with size up to 400 um, and showing high connectivity. It can be noticed
that the high amount of fossils adds a fraction of pores, mostly closed, as mentioned above. In

case of one REF replicate, a massive dense solid was revealed within the inner structure of
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Maastricht limestone (Fig. 4c). This volume, as well as those with very large fossils, were
excluded in the choice of the VVOI for all the samples. The calculated values of porosity (Table
1) indicated a slight decrease after the application of nanolime. The values of surface per unit
volume (Sv) were found to be the same (Table 1). The total porosity, as in case of SANS
including open and closed pores, decreased from 47.1 % found in fresh Maastricht limestone
to 46.6 % for treated one. Therefore, in the range of pore sizes accessible to the experiment,
despite the low amount of nanolime applied to the sample, a detectable decrease in porosity
was observed. It is well documented that improvement of mechanical properties of the treated
materials can be obtained by slight reduction of porosity [36-37]. This result is even more
significant when considering that the volume investigated did not include the sample surface,
always affected by accumulation of particles with limited effect on bulk properties.

When considering the fractal dimension, it was found to increase from 2.721 to 2.731 after
the treatment. Since the difference exceeds the experimental error, this should reflect the
effect of the treatment, similarly to what observed for the SANS data, and corresponds to an
increase in surface roughness and/or in its complexity. Notably, a difference in fractal
dimension exists between SANS and pu-CT. This is due to the different length scales probed
by the two techniques and reflects the multiscale nature of the pore network, as commonly
observed in rocks [38].

Therefore, it must be assumed that for length scales exceeding 200—220 nm (Fig. 3), the
nature of the pore surface changes from smooth (low-Q regime with n=4 in Fig. 2), to surface
fractal (Ds=2.721). A change in scattering regime is testified by the Guinier ‘knee’ exhibited
by the SANS curves at very low Q. However, it should not be forgotten that a gap in pore size
exists between current SANS and p-CT data.

The pore accessibility test is an alternative way to quantitatively evaluate the effect of the

treatment. This test is a measure of the changes in the number and size of pores which are
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accessible from outside the selected volume, relying on the data from the 3D microstructure
obtained from the VOIs (Fig. 4c). The main advantage, in the present case, is that the closed

porosity is excluded in the calculation. As observed in Fig. 5¢, a decrease in pores

accessibility for pores with size between 30 to 65 um, after the treatment, is clearly visible.
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Fig. 4. Selected axial view of untreated Maastricht limestone sample (reference) with clearly
visible large pores and fossils (a) and highlighted volume of interest with white rectangular.
The same image after segmentation before (b) and after filtering (c) used for the quantitative
image analysis. In one replicate of REF, the dense solid heterogeneity was detected

(highlighted by arrow) in the volume of sound limestone in (d)).

Table 1. Porosity (@), slope at high Q and fractal dimension (Ds) from SANS data and
porosity, surface per unit volume (Sv) and fractal dimension (D) from p-CT data. (REF =
untreated Maastricht limestone samples, NL = samples treated with nanolime, 3d = 3 days of

carbonation, 3w = 3 weeks of carbonation, 6w = 6 weeks of carbonation).

SANS p-CT
samele D[ % ::‘;"?geh(g) Ds¢ | Sy/m? D% D
REE 0.198 + 0.001 337 263 | 41+#1  47.1+001°  2.721+0.005
NL 3d 0.188 + 0.001 309 291 - ; ]
NL3w | 0.175+0.001 313 2.87 - ; ]
NL6w | 0.199£0001° 322 278 |41+t1b 46.6+001°  2.731+0.002

2 Percentage of the volume of pores to the total sample volume. ® Average values from two
replicates. * SANS fractal dimension (Ds) calculated from slope (high Q) as described in the

experimental part.
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Fig. 5. Comparison of the cumulative distribution function of intra-aggregate porosity based
on the 3D MIP simulation and 3D continuous approach of reference sample (REF) (a) and
sample treated with nanolime and carbonated for 6 weeks (NL 6w) (b). Pore accessibility
ratios for REF and NL 6w samples calculated for the intra/aggregate pore space (c). Spherical

entities were used for the mathematical simulations.

All in all, the combination of both techniques, SANS and X-ray u-CT, can be considered
appropriate for the characterization of nano/microstructural changes after the consolidation
procedures. When the specific case is considered, the results, especially from the SANS
technique, indicated that the effect of the consolidation treatment was not very significant, due
to the coarse sample microstructure, hosting a very small nanoporosity and with
heterogeneities at the scale of mm. Nonetheless, the pore accessibility test clearly indicated

that, when the contribution of closed pores is factored out, the effect of the treatment with
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nanolime can be detected as reduced accessibility, which should imply changes in dynamical
properties, such as water absorption. It must be noted that the employed stone shows most of
the porosity in a range of sizes rather big for the nanomaterial employed, so, also the impact
of the treatment on the total porosity was necessarily very small. As already pointed out, the
consolidation treatments of very porous stones with nanolime have to be performed with
sufficient volumes of consolidant and, usually, several cycles of application are needed to
strengthen the material [1]. In the present case, a relatively small amount of consolidating
agent has been employed, in order to test the sensitivity of the techniques and reduce
unwanted effects caused by multiple treatments. In fact, the consolidation of very porous
stones with nanoparticles brings some drawbacks. Most importantly, partial back migration of
particles and their accumulation on the surface of treated materials, causing formation of
white haze [1,39]. A solution to eliminate this back migration effect has not been found yet
[39-40] since none of the proposed solutions appears as conclusive. More recently, different
approaches to suppress this negative effect were tested. The treatment with nanolime
additivated with different CaCOz polymorphs, namely calcite, vaterite and aragonite, resulted
in higher decrease in porosity, respect to application of nanolime alone [17]. In addition, SEM
observations revealed good compatibility within the chemically similar system composed of
nanolime, CaCOs particles and limestone. Larger CaCO3 particles helped nanolime particles
in bridging the limestone grains. The type of CaCOz polymorphs introduced, also controlled
the type of newly formed CaCOs polymorphs [41]. This is of relevance in consideration of
their different physical-mechanical properties [42]. Recently, nanolime suspensions have been
additivated with nanocalcite in presence of polymeric dispersant [43] or with larger Ca(OH):
particles [44]. As already reported, the nanolime treatment may be more effective when the
proper choice of type or mixture of solutions, is made [29, 45-47]. In highly porous matrix, it

was shown that reciprocal mixture of isopropanol and water resulted in slightly better
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reduction of porosity and increasing in strength in comparison with other tested solvents [47].
As a final remark, it may be noted that the treatment with nanolime should be always tuned
according to the treated substrate to assure the possible best conservation action that will

prevent the valuable object of cultural heritage to our future generations.

4 Conclusion

The combination of the SANS and phase-contrast synchrotron X-ray u-CT techniques was,
for the first time, used for the quantitative characterization of nano/microstructural changes of
Maastricht limestone's samples after the consolidation treatment with nanolime suspension.
The SANS technique showed that the samples were consisting of two structures in the range
of sizes covered: smooth pore surface and a surface fractal. After the treatment, the
complexity of the pore surface increased and evolved in time. A small, but detectable,
decrease of the porosity during nanolime carbonation in the Maastricht limestone, was
observed. However, for the definitive confirmation more replicates have to be measured due
to the heterogeneity of the natural stone. The p-CT measurements clearly showed a decrease
in porosity, even if the amount of nanolime employed was very small.

This experimental approach has the advantage of being fully non-invasive offering the
possibility of detecting nano/microstructural changes in very small specimens. The
combination of these two techniques was found to effectively cover a wide range in porosity
and it could be used also for samples obtained from cultural heritage objects needing or
undergoing conservative treatments. The future research shall include the use of ultra-SANS,
which allows to extend the observed range of porosity towards higher sizes (up to 2-4 um) to
fully cover the pore size-gap between the two techniques employed, and the adoption of

contrast variation, as mentioned in the previous section.
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