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Abstract

Nanolime is a promising consolidant for the conservation of most historic structures thanks to its high compatibility with
carbonate-based substrates. Nanolime can recover the superficial cohesion of deteriorated surfaces thanks to its potential to
complete the carbonation process, recreating a thin network of new cementing calcium carbonate. In this paper, the nanolime
was produced by an innovative, time and energy-saving and scalable method, and its efficacy was tested preliminarily on
biocalcarenite stones from Agrigento. The stones characterization as well as the treatment effectiveness, in terms of protection
against water and superficial consolidation, was investigated by several techniques such as X-ray fluorescence, X-ray
diffraction, scotch tape test, water absorption by capillarity, mercury intrusion porosimetry, drilling resistance measurement
system and colorimeter. Investigations showed that nanolime could guarantee a complete transformation in pure calcite
together with a superficial consolidation and a reduction in water absorption.

1. Introduction

Calcareous materials have been one of the main construction materials throughout the ages and proved to be very durable
over the centuries. However, they may suffer several degradation processes (e.g. flaking of the surface, powdering and
formation of small blisters) that can be recovered through the application of consolidants. Over the last century, several
consolidants have been used: silicate-based products or organic consolidants, such as alkoxysilanes, acrylic, epoxy or vinyl
resins, have been commonly used in restoration treatments, mainly due to their immediate strength enhancement and ease of
application. However, the low physico-chemical compatibility, the lack of bonding between the mineral calcareous matrix and
the consolidant material and even the deterioration of the organic consolidant itself, discourages their use and in some cases
may compromise the conservation of the monument [1-3]. Inorganic consolidants and,among others, lime-based consolidants
present the great advantage of their total chemical compatibility with the calcitic substrate, thanks to their aptitude to react with
atmospheric carbonic dioxide to produce calcium carbonate (carbonation process). However, traditional lime-based treatments
were considered to have some limitations, such as the reduced impregnation depth and the very slow rate of carbonation [4—6].
In order to reduce such limitations, in 2001 Ca(OH)2nanoparticles, dispersed in an alcoholic or hydro-alcoholic medium,
(nanolimes) were synthesised. So far, nanolimes have been tested on mural paintings, stuccoes and natural stones, and on all
the carbonatic-based substrate where a restoration treatment was required [5,7-20]. The efficacy of nanolime dispersions can
be affected by several factors, such as the dispersion con-centration, solvent type, porosity of the substrates to be treated and
relative humidity (RH) conditions. It is commonly agreed that lower concentration of the suspensions (i.e. 5 g/L) help reduce the
accumulation of the consolidating product near the surface and significantly improve the yield of carbonation in the pores
[16,17]. Furthermore, it has been proved that the concentration and the number of treatments cycles have a significant
influence on the strengthening effect, in relation to the stone porosity as well [16,18]. A percentage of residual water content in
the dispersing medium (> 10% in volume) clearly enhanced the carbonation process [19]. Recent investigations suggests that
nanolime penetrates well in porous materials, but it can be transported back to the surface as the solvent evaporates [20].
Moreover, the type of alcoholic solvent and the RH conditions seem to have an influence on the rate of the carbonation
reaction, and the formation of different polymorphs of calcium carbonate [21,22]. Currently, nanolimes have been synthetized
according to several routes, [10,23-26], where Ca(OH), was rarely the only reaction product. Washings and purification steps
were frequently needed to eliminate the by-products and/or organic compounds, leading to low yield and prolonged synthesis
time. The development of a versatile, cost effective and up-scalable method can be essential to the success of introducing
nanolime for widespread usage on carbonatic substrates. Recently, an innovative and patented method, based on the ion
exchange process, was proposed [27]. This method worked at room temperature and ambient pressure, and it allowed
producing, in few minutes and without intermediate steps, pure and crystalline Ca(OH), nanoparticles in aqueous suspension.
The resulting portlandite nanocrystals, less than 100 nm in size, are very reactive, with a complete carbonation process,
forming pure calcite in few hours or up to 7 days, depending on solvent, concentration and RH of the environment [28-31]. In
addition, the produced nanolime can be dispersed, at different solid concentrations, in mixed water/alcohol (W/A) mixtures in
order to improve both the colloidal stability and/or the amounts of consolidant. Specifically, nanolime dispersions in a mixture of
50% water and 50% iso-propanol in volume, (W/A = 50%), demonstrated to be particularly suitable in optimizing the
carbonation process [14,29].The aim of the present work is to test the effectiveness of this nanolime as a compatible treatment
on biocalcarenite stones. Specifically, these stones constitute the building material used for most of the buildings of the “Valley



of the Temples” in Agrigento — Sicily, Italy, characterized by a documented advanced decay [32—-34]. The paper has been
divided into three parts:

-synthesis and characterization of the nanolime; - characterization of the biocalcarenite stone from a physicochemical and
mechanical point of view;

-testing, in a preliminary way, of different nanolime formulations by varying the solvents and the nanolime concentration. The
evaluation of the treatment effectiveness in terms of protection against water and superficial consolidation was properly
investigated.

2. Research aim

Colloidal Ca(OH), nanoparticles (also called nanolime) are emerging as effective conservation material for all carbonatic-based
substrate. Nanolime can recover the superficial cohesion of deteriorated surfaces, thanks to its potential to complete the
carbonation process, recreating a thin network of new cementing calcium carbonate. In the present paper we report, for the first
time, results about the effectiveness of the treatments by a not commercial nanolime on biocalcarenite stones from “Valle dei
Templi” — Agrigento. In particular, the nanolime is synthesized in laboratory by our original, eco-friendly, one-step and scalable
method that provides pure and crystalline nanoparticles in a reproducible way. Moreover, the simplicity and rapidity of this novel
procedure provides an ideal opportunity to scale up the nanoparticles production in order to extend their uses in all the
application fields where large amounts of such compatible consolidant should be requested. The effectiveness of the nanolime
treatments, in terms of reduction of porosity, protection against water absorbed by capillarity and superficial consolidation, is
investigated by means of several techniques. The physico-chemical and mechanical characterization of the untreated stones is
reported too.

3. Material and methods
3.1. Synthesis and characterization of nanolime

Ca(OH), nanoparticles were synthesized by an anionic exchange process, at room temperature and ambient pressure, by
mixing under moderate stirring an anion exchange resin with an aqueous calcium chloride solution [27]. The supernatant water
of the produced nanolime suspension (NW) was partially extracted and substituted with isopropanol or with 1-buthanol. Three
nanolime dispersions were prepared: two of them, named Nsoy and N*sos, Were characterized by a water/isopropanol mixture,
(W/A = 50%), and a solid concentration of 5 g/L and 10 g/L, respectively; and the third dispersion, named Ng, was
characterized by a water/1-butanol mixture (W/A = 5%) and a solid concentration of 5 g/L. In particular, Ng was considered to
assess its influence on nanolime performance due to its slow evaporation rate. The size, shape and degree of agglomeration of
the nanoparticles were determined by transmission electron microscopy (TEM, PhilipsCM200) and the crystalline phase was
analyzed by XRD (PAN-alytical XPertPRO). Both TEM and XRD samples were prepared diluting the suspension in ethanol
under nitrogen atmosphere to avoid the carbonatation process. In addition, by means of XRD, we analyzed the carbonation
reaction of each dispersion, taking 0.12 mL of nanolime sample, left to dry in air in room conditions (T =20 = 2-C, R.H. =50
=+ 5%), until complete solvent evaporation (about 20 minutes). XRD patterns were recorded in step size of 0.026-26, in the
angular range 10-70-26. HighscorePlus software by PANalytical and ICSD and ICDD reference databases were used for the
mineralogical identification and to perform the quantitative analysis (Rietveld refinement).Kinetic stability of the produced
suspensions was deter-mined by turbidity measurements, analysing their absorbance at A = 600 nm by using UV/VIS
Spectrophotometer (Lambda 2 Perkin-Elmer). Before the test, nanolimes were sonicated for 20 minutes (Ultrasonic bath by
Ultra Sonik 300) to reduce the nanoparticle agglomeration. Measurements were taken for up to 2 hours. The KS % was
measured in function of time and was calculated using the following formula: KS % = 1- [(Ac—A)/Ag] X 100 where A, is the
starting absorbance and A, the absorbance at time t, both evaluated at wavelength 600 nm [35]. The relative kinetic stability
(KS %) decreases as result of the nanoparticle settling; values range from 0 (unstable dispersion) to 100 (not settling of the
nanoparticles).

3.2. The Agrigento’s biocalcarenite

The stones used in this work, which were obtained from the local quarry of Villaseta, have similar characteristics to the ones
used for the construction of the Temples [36]. Chemical, mineralogical and physical features of the stones were studied using
different techniques. A general examination was performed using a stereomicroscope (SM, Leica Stereozoom S8APO). The
chemical and mineralogical composition was determined by X-Ray Fluorescence (XRF, Philips PW2440), X-Ray Diffraction
(XRD, PANalyticalXPert PRO) and Attenuated Total Reflectance — Fourier Trans-form Infrared, (ATR-FTIR, Thermo Nicolet
Nexus instrument). In particular, XRF samples were prepared as FP pellets. For XRD measurements, stone samples were
milled and sieved through a 50 pm mesh and placed over a XRD zero-background sample holder; the patterns analysis was
performed as reported above. FTIR spectra were collected by 64 scans in the range 400-4000 cm™ at a spectral resolution of
4cm™. The obtained FTIR spectrum was identified using the Infrared and Raman users Group (IRUG) libraries, the HR Hummel
Polymer and Additives library as well as the ASTER mineral library. The pore structure of the stone was determined, on three
samples (named B,, B, and B; respectively), by Mercury Intrusion Porosimetry, (MIP, PASCAL 140/240). A contact angle of
141- was assumed between mercury and the stone. An equilibration time of 30 s was used between each pressure increase
step and the measurement of the intruded volume. Prior to MIP analysis, samples were dried in a fan-assisted oven at 80-C to



constant weight. The water absorption by capillarity (WAC) of the stones was measured on three cubic samples (30 X 30 X 30
mm) following the standard procedure [10]. A Drilling Resistance Measurement System (DRMS) from SINT-Technology was
used to measure changes in strength along the drilling path into the stone. The DRMS measures the force required to drill a
hole at constant rotation (rpm) and lateral feed rate (mm/min). The force is known to correlate with the compressive strength of
the material. Values were calculated as mean of 3 tests. The test was carried out using drill bits of 5 mm diameter, rotation
speed of 200 rpm, a rate of penetration of 15 mm/min and penetration depth of 10 mm.

3.3. Nanolime treatments applied on the Agrigento stones
In order to investigate, in a preliminary way, the nanolime effectiveness in reducing capillary water absorption and yielding

superficial consolidation, three stones samples with irregular shape, S1, S2 and S3 (Fig. 1a), were treated with Nsge, N*s00, and
Ng respectively.
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Figure 1 Irregular biocalcarenite samples used for the nanolime treatments: a: S1 (approx. 17 cm?), S2 (approx. 14 cm?)
and S3 (approx. 17 cm?); b: S4 (approx.13 cm?), S5 (approx. 5 cm?) and S6 (approx. 22 cm?).

The use of irregularly shaped stone samples was considered to reproduce the real in situ application on irregular surfaces.
Nanolimes were applied by brushing until stone saturation was achieved, by using about 100 mg of calcium hydroxide for each
stone surface. Brushing treatment was applied to the side with largest and mostly flat surface (approx. 10 cm2each). Straight
after treatment, samples were wiped with a wet cloth to remove the excess of consolidant and to mitigate surface whitening.
Stones were stored for 2 days at RH = (75 £ 5)%. Then, the samples were oven-dried at 60-C until constant mass was
reached, and then stored in a desiccator. Finally, we considered additional three samples (Fig. 1b): two for WAC (S4, S5
samples) and one (S6 sample) for the STT and DRMS resistance measures (carried out on 6 different points, in order to reduce
the influence caused by the inhomogeneity of the stone). These were treated with nanolime applications repeated three times,
following the same procedure reported above. In particular, for S4, S5 and S6 samples, we used the N*sq, nanolime
suspension that provided, as shown in the results section, the best compromise in terms of treatment efficacy andcosts. The
effectiveness of the treatments, in terms of protection against water and superficial consolidation, was evaluated by means of
several tests. WAC was carried out, before and after treatment, following the method proposed by LNEC [37]. For each sample,
we measured the values of the coefficient of average absorption in 30 minutes (CA), the amount of absorbed water at the end
of the test (Qf) and the variation of CA values referred to untreated and treated stones (ACA). The effective protective efficacy
(Ep), defined as the percentage variation of Qf before and after treatment, was evaluated too. Surface cohesion was estimated
by the “Scotch Tape Test” (STT), according to ASTM D3359 [38]. Results were taken as the mean of three tests for each
sample. In order to better assess the improvement of the consolidation efficacy of the treatment, we evaluated the difference of
the superficial resistance (untreated and treated) using DRMS, generally considered the most suitable methodology for
quantifying consolidation effectiveness and penetration depth of the consolidant, particularly in soft stones [39]. Pores size
distribution and open porosity was measured by MIP; the tests were carried out on samples measuring approximately 8 X 8 X
8 mm taken from both treated and untreated stones. Finally, the color changes, before and after treatment, were evaluated on
samples S1, S2 and S3 by using a spectrophotometer (Minolta CM508D Colorimeter) in CIE-Lab system colorimeter [40],
considering 10 evaluations per stone in different areas of the treated face. Total color variation (AE) was calculated by the
formula:

AE = JAL*2 + AA*2 + AB*?

where AL* was the change in luminosity (white-black parameter), Aa* (red-green parameters) and Ab* (blue-yellow parameters)
were the chromaticity coordinates. Analyses were focused on total color variations and changes in the luminosity (white-black
parameters).



4. Results and discussion

TEM micrograph on the nanolime sample NW (Fig. 2a) showed nanoparticles with dimensions < 20 nm, with a tendency to
agglomerate forming hexagonally shaped clusters. XRD results revealed that only pure Ca(OH), was formed after synthesis
(Fig. 2b).
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Figure 2 a: TEM micrograph of the nanolime sample Nw; b: XRD pattern of dried particles from Nw sample. Bragg
peaks of Ca(OH), pattern (ICSD#96-100-8782) were indexed.

From the analysis of the carbonation process, we observed that whilst Nsqy, and N*sqi, showed a completed carbonation
process, i.e., pure calcite (CaCOg), only a partial conversion into calcite was observed for Ng (Fig. 3a). In addition, an
intermediate and metastable form, namely calcium carbonate hydroxide hydrate (CCH), was observed as in previous work [29].
As concerns the kinetic stability (Fig. 3b), Nsos, and Ng samples were consistently stable in the first 2 h (gradual settling process
< 10%), showing a good kinetic stability for practical purposes. N*sq presented a rapid settling in the first 5 minutes but the KS
parameters remained then stable, similarly to the other samples.
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Figure 3 Analysis of the Ng, Nsos, and N*s00, SUSPENsions, used for the treatments: a: the carbonatation process in
ambient air (Ca(OH),, ICSD #96-100-8782; Calcite, ICSD #98-015-8258; CCH: calcium carbonate hydroxide hydrate,
ICDD # 00-023-0107); b:kinetic stability (KS) versus time, (at A =600 nm).



From the stereomicroscope investigations, the studied stones are rocks of clastic sedimentary origin composed mainly of
bioclasts and whole skeletal fossil remains of marine aquatic organisms. The observed bioclasts and whole skeletal fossil
remains belonged to marine bivalves, gastropods, rhodoliths, echinoderms and bryozoans. Carbonate lithoclasts were also
observed together with few quartz grains. All grains were bound together by a fine-grained calcite (micrite). Based on these
results, the stone samples can be classified as calcarenite, biomicrite or grainstone [41-43], commonly defined as
biocalcarenite and belonging to the limestone rock deposits described as “Formazione di Agrigento” [44]. The chemical analysis
of the considered stone was reported in Table 1.

Table 1 XRF of the biocalcarenite sample (wt %).

Ca 5i Fe Mg Al K P
23.30 7.20 1.67 0.40 0.34 0.14 0.11

From XRD results (Fig. 4a), the main mineralogical phases were 88.8% of magnesium calcite (Mgo.03Ca0.97(CO3), ICSD#
980086161), 9.9% of quartz (SiO,, ICSD# 980083849), 1.3% of lipscombite (Fezes(PO4)2(OH)., ICSD# 980202937). XRD
results were confirmed by FTIR investigation (Fig. 4b). The absorbance bands at 712, 876, 1429 cm™, assigned to the calcite,
was readily detectable. For quartz, the absorbance bands at 798 and 1079 cm™ can be attributed to absorbance of the SiO
group. The peaks for goethite at 796, 912 and 1044 cm™ cannot be easily distinguished due to the low concentration and the
shifting with Si-O and carbonate groups. In agreement with literature results, which assessed porosity in the range 20-30% for
the biocalcarenite of Agrigento’s Temples [36], from MIP we obtained an average porosity of 26.1% and a density of 1.8807
g/cm®. In Fig. 4c the pore size distribution from MIP, referred to the three samples, is reported.
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Even if the samples presented some differences between them, the pore diameters were found to be mainly distributed in the
10-100 pm range (i.e., within the larger capillary pores range that has high capillary suction), without relevant contributions
under 1 pm [45,46]. This explains the fast absorption observed below (WAC analyses) for the untreated samples as compared
to the treated ones, where the larger pores have been reduced significantly. As concerns standard WAC measurements on the
cubic samples, mean values of CA = 12.7 mgecm s “2and Q= 509 mgcm 2 were evaluated. Finally, results coming from DRMS
showed values of resistance that reach 6 N within the first 3 mm, reaching a maximum value of about 10 N between 3 and10
mm, similar to what observed from literature [47]. MIP measurements of the S1, S2 and S3 treated samples, compared to the
untreated ones, are reported in Fig. 5. As concerns S1 sample (Fig. 5a), the treatment yielded an increase in the population of
pores with diameters between 13 and 50 um, and a decrease in the population of pores with diameters between 2—-3 and 13
um; moreover, we observed a disappearing of the smallest pores (< 0,1 um). In the S2 and S2 samples (Fig. 5 b—c), the
treatment worked mainly to reduce the number of pores with diameters between 30-100 pum.

a 030

0251 3t Y

!
0,15 N
0,10 i f

0,054 )
A o » /"J/

\
Nesgrmmca e s

dV/dlog(D) (cm*/g)

5 T l‘
0,01 0,1 1 10 100
Pore size (um)
0,30

=

0,25

0,20+

0,15

dV/dlog(D) (cm*/g)

0,104

0,054

0,00+ - s . .‘
0,01 0,1 1 10 100

Pore size (um)

(1]

0,30

S3
0,25

0,20 4
0,15 1

0,10

dV/dlog(D) (cm’/g)

0,05

0,00 H ity e .
0

Pore size (um)

Figure 5 Differential volume of intruded mercury versus pore diameter of treated (dot lines) and untreated (continuous
lines) stone samples: S1 (a), S2 (b), S3 (¢).

Table 2 showed the results from the nanolime treatment on the irregular samples (WAC measurements), while in Fig. 6, we
reported the WAC curves obtained for S4 and S5 before and after the nanolime treatment .It can be observed that, already
after one treatment, all the samples showed a clear reduction both in the kinetics of capillary absorption (ACA) and in the
protective efficacy Ep. In particular, we observed that the S1 sample showed the highest ability to absorb water both kinetically
and in the saturation values, probably due to the higher porosity mainly related to the pores in the 10-100 um range (Fig. 5a).
In this case, the nanolime treatment seemed to have a greater influence on ACA than on Ep, and this could be due to the
nanolime ability to reduce pore sizes by partially filling them, but without occluding them. In parallel, the samples treated by
using N*so0 @and Ng reached the highest efficacy (about 50%) in the protection towards water. Then, when the N*sq, treatment
was repeated three times, the WAC results tended to improve respect to what obtained after only one treatment (Fig. 6). This



improvement was confirmed by MIP measurements, revealing a clear reduction in the population of pores with diameters
between 40 and 100 um, together with a decrease in the average porosity of about 60% (Fig. 6c¢).

Table 2 WAC results performed on irregular stones, before and after one nanolime treatment.

Untreated (UT) Treated (T)

Qf(mg cm-?) Qf (mg em ) ACA(T) Ep (%)
51 1013 720 B L] 28
52 G46 355 il 45
53 G625 324 Ell] 48

51,52 and 53 were treated with Nsez, N*sox and Np respectively.
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Figure 6 WAC curves and MIP measurements before (continuous lines) and after (dot lines) the N*so, treatment,
repeated 3 times. CA values were reported too.



In Table 3, the STT results indicated that the nanolime treatments determined an increase of the superficial cohesion of the
treated stones, with a reduction in the percentage quantity of removed material (AM) after one treatment of 10%, 14% and 30%
for S1, S2 and S3 samples respectively. By repeating the treatment three times (S6) a clear AM improvement was obtained,
reaching a mean value AM ~ 60%. The drilling resistance profiles, performed before and after the nanolime treatment, showed
that a significant increase can be observed only when the treatment was repeated for three times (S6 sample). The results,
reported in Fig. 7, showed that before the treatment the S6 sample presented a value of resistance of 4 = 1 N, slightly
decreasing inside the stone. After treatment, in addition to a small improvement at the surface, we observed an increase of the
resistance up to 10 mm from the surface with a medium value of 8 == 3 N. The colorimetry results were reported in Table 4,
showed that the nanolime treatments do not cause major aesthetic changes (AE* 5-9) and do not cause a significant increase
in luminosity (AL*1-5). In particular no significant white glazing was observed after the treatment for S1, S2 and S3 (AL* 3,5
and 1 respectively). S2 seemed to show the lowest chromatic alteration of the surface (AE* 5) but the highest difference of
luminosity (AL* 5). S3 shows higher value with AE > 9 due to a significant alteration with b* > 8 (blue-yellow axis). S2 increases
the L* parameter, probably due to the effect of higher concentration (10 g/L). The negligible chromatic changes for S1 and S2
(and AE* 5-6) and the absence of a significant white glazing (AL*3-5) [40,48-50], make such nanolimes dispersions suitable
for practical conservation interventions.

Table 3 Results of the STT performed on untreated and treated stones.

UT (mg cm—2) T(mgcm2) AM (%)
51 1.92 1.60 05
52 315 265 143
53 1.17 0.57 206
SE 10.25 405 605

Scotch area; 12,72 cm? (51, 52 and 53) and 9.5 cm? (56).

14

S6

Depth (mm)
Figure 7 Drilling resistance profiles of untreated (continuous line) and treated (dotline) biocalcarenite (S6 sample).

Table 4 Results of the colorimetric analysis performed on the treated stones.

AL Aa Ab AE
51 1041 —0.526 -5.170 6.024
52 5.050 0.397 —0.003 5.065
53 1.641 4.017 8752 9.769

5. Conclusions

The present paper presented preliminary investigations to test the efficacy of a compatible conservative treatment for the
biocalcarenite stones of the Valle dei Templi (Agrigento, Italy). The treated stone is a biocalcarenite mainly composed by
calcite, with less amount of quartz, lipsocombite, and shells; the measured average porosity is about 26%, mainly distributed in
the range 10-100 pm, which can be responsible for the quick water ingress by capillarity. The conservative treatments were
carried out by using a nanolime, ad hoc synthesized by means of an innovative method that can guarantee high yields and a
high reactivity of the final product. The characterization analyses confirmed the high reactivity of the Ca(OH), nanoparticles,
reflecting a full carbonation process occurring, in ambient condition, in only the first 30 minutes. Moreover, the process led to
the formation of calcite, as pure and unique phase, and this result is fundamental to guarantee a perfect compatibility with the
treated surface, from a chemico-physical and mechanical point of view. As concerned the treatment efficacy, the best results
were obtained by using the hydro-alcoholic nanolime suspension (50% water and 50% alcohol) at a concentration of 10 g/L,
and by repeating the application for three times. This nanolime worked well as a superficial consolidant, increasing the



superficial cohesion, with a reduction of material removed from the surface up to 60%, and a good increase of the mechanical
resistance particularly in the first 10 mm beneath the surface. A decrease of the water adsorption by capillarity up to 50% was
observed too, confirmed by a reduced porosity and a clear reduction in the population of pores with diameters between 40 and
100 pm. Nevertheless, the nanolime treatment caused some superficial whitening that needs to be removed by proper actions
or examined in depth in a next study.
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