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ABSTRACT

Building materials like marble, calcareous stone and mortars rich in calcitic content have been extensively used
in ancient monuments. Stone conservation efficiency may be improved considering the mechanisms underly-
ing deterioration due to wet precipitation. In the present work we have tested the possibility of treating calcitic
materials with suspensions of amorphous calcium carbonate (am-CaCOs;, ACC) and amorphous silica (am-
Si07) nanoparticles (NPs). Pentelic marble (PM) in powdered form, to maximize surface area and a mortar
from the ancient Roman stadium of Patras consisting of calcium carbonate and silica served as test materials
for the validation of the application of suspensions of NPs for protection towards the erosion in slightly acidic
solutions undersaturated with respect to calcite (pH 6.50). All solids were characterized by physicochemical
methods including X-ray diffraction (XRD), infrared spectroscopy (FTIR) and measurements of BET specific
surface area and porosity by nitrogen absorption. ACC nanoparticles, with sizes 200-500 nm were prepared
by the development of high saturation through the hydrolysis of dimethyl carbonate (DMC) in alkaline envi-
ronment of calcium chloride solutions. am-SiO, nanoparticles, with sizes between 15-25 nm were prepared by
the hydrolysis of tetra ethyl orthosilicate (TEOS). ACC nanoparticles suspensions were rather stable over at
least 9 days at room temperature and for over one month at -20°C. am-SiO» suspensions were stable for at least
6 months. ACC and am-5SiO; were deposited on the surface of the test specimens suspended in the synthesis
solutions of each of the NP types. The rates of dissolution of the treated specimens decreased significantly.
The effect was attributed to the chemical and structural affinity of the NP preparations with the treated build-
ing materials.
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1. INTRODUCTION

Marble and limestone have been widely used in
building materials of historical monuments, mainly in
the Mediterranean basin and in southern Europe. The
masonry of historic buildings was stabilized by the
use of mortars, consisting of silica and calcite formed
by carbonation of Ca(OH), (Syrmakezis, 2006). The
main component of marble and limestone and im-
portant constituent of mortars is calcite, which makes
them prone to chemical dissolution because of the wet
precipitation. The problem is intensified at conditions
of environmental pollution in which the concentra-
tion of acid gases (SO, NO,) is sufficiently high to
make rainwater quite acidic (Spathis et al. 2018). Mi-
croorganism colonies on the surface of the calcareous
materials of monuments contribute to the develop-
ment of a microenvironment favouring stone erosion.
Materials incompatibility during restoration inter-
ventions have also caused significant, irreversible
damages (Baglioni et al. 2013; Sadat-Shojai et al. 2009;
Abdelraheem,2020).

The use of preparations of nanoparticles of metal
oxides and hydroxides (TiO,, ZnO, Ca(OH),,
Mg(OH),, Sr(OH)2, and metal nanoparticles (Au, Ag,
Pt)) as consolidants and/or protective additives has
been suggested over the past decades (Ion et al. 2018;
Ion et al. 2018; Blee et al. 2008; Caner et al. 2018). Sus-
pensions of colloidal silica particles have been suc-
cessfully used in monuments, protecting them from
deterioration associated with erosion, and they
proved to consolidate degraded stones (Chandra et al.
1999). Silica nanoparticles protect calcareous materi-
als penetrating inside pores forming a protective
layer following interaction with calcium carbonate
component (Storemyr 2001). Treatment of historic
mortars and tuff stone with silica nanoparticles, aver-
age size 10-15 nm, interacted with calcium carbonate
forming xerogels upon water loss and showed satis-
factory consolidation (Sierra-Fernandez, 2017;
Stuff, 2020; Tesser, et al., 2018). The use of biopol-
ymers and siloxane materials affecting surface prop-
erties have shown promising perspectives in the pro-
tection of monuments (Helmi, et al., 2022; Manoudis
etal., 2017).

Amorphous calcium carbonate (ACC) is the least
stable crystal form calcium carbonate. ACC particles
in suspension are efficient consolidants for calcareous
matrices suggesting high potential for stone treat-
ment to protect it from damage (Wang et al., 2022).
ACC particles forming upon contact of nanolime with
carbon dioxide have been tested with success as con-
servation materials (Rodriguez-Navarro, 2016;
Baglioni 2021; Burgos-Cara, 2019). The effectiveness
of ACC in protecting calcareous materials, beyond the

consolidation action may be due to its compatibility
with calcite, the main component of calcareous stone
and to its sacrificial dissolution.

In the present work, ACC and silica SiO; nanopar-
ticle suspensions were prepared, and subsequently
applied on Pentelic marble (ca. 98% calcite content)
and on a historical mortar sample, and the protection
against erosion from wet precipitation was evaluated
from measurements of the rates of dissolution in so-
lutions undersaturated with respect to calcite and
acid pH (6.50). The novelty of this investigation is
based on the idea that treatment of historic monu-
ments with NPs depends strongly on the interaction
of the overlayer with the substrate. We attempted to
prove this hypothesis by not simply depositing parti-
cles suspended in a medium by simple gravitational
deposition, but through affinity interaction with the
substrate. Thus, we performed treatment with the
substrates introduced in an aqueous medium in
which nucleation and crystal growth of the NPs takes
place heterogeneously, with the substrates providing
the active sites for nucleation and subsequent growth.

2. MATERIALS AND METHODS
2.1. Materials

Powdered Pentelic marble (PM) was used as a
model system for CaCOs and SiO2 nanoparticles dep-
osition, to test the effect of application of the synthe-
sized suspensions on the protection from dissolution
in acidic media. Two application methods of CaCO;
nanoparticles on PM were applied. The historical
mortar sample was obtained from the Roman sta-
dium in Patras (built between 80-90 AD, probably a
gift from the Roman emperor Domitian, Patras,
Greece) consisted mainly of calcite and silica, with a
ratio SiO,: CaCOs = 0.67, i.e. 60% calcite content.

The preparation of ACC nanoparticles was done by
the addition of 0.05 M dimethyl carbonate (DMC,
Merck SA, for synthesis, Taufkirchen, Germany), so-
dium chloride (NaCl, Merck Greece SA, Athens,
Greece) 0.1 M and calcium chloride (CaCl,, Riedel de
Haen, Seelze, Germany) 0.01M in a 150 mL, magneti-
cally stirred batch reactor at 25.0 °C (concentrations
correspond to the final solution prepared) (Faatz M,
2004). Mixing of the solutions lasted 2.5 min before
the separation of the precipitate from the solution.
The solid was separated from the suspension by cen-
trifugation at 2500 rpm for 4 minutes, then by filtra-
tion through membrane filters (0.20 um, Sartorius,
Goettingen, Germany) and it was rinsed with acetone
and freeze dried.

Amorphous silica nanoparticles were prepared by
the hydrolysis of tetraethyl orthosilicate (TEOS,
Sigma Aldrich, Merck, Darmstadt, Germany) (0,29 M)
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solution, in ethanol (C:HsOH, 95% w/v) and ammo-
nia (NH3, 32% w/v). Before the addition of TEOS, the
ethanol-ammonia solvent mixture was homogenized
by magnetic stirring for 30 minutes, followed by the
addition of TEOS. The solution was turned cloudy be-
cause of the formation of am-SiO,. The suspension
was stirred for 1 hour from the start of TEOS addition
(Singh, 1999). The solid was separated from the sus-
pension by centrifugation at 40,000, rpm for 30 min.

2.2. Methods of Solids Characterization

The prepared and/or treated solids were charac-
terized by physicochemical methods (powder X- ray
diffraction, XRD, measurements of specific surface
area with nitrogen adsorption according to the Brun-
nauer, Emmet Teller isotherm(BET), Fourier trans-
formed infra-red spectroscopy (FTIR), micro-Raman
spectroscopy (mR), and thermogravimetric analysis,
(TGA) (TA Instruments, Q50). More specifically, XRD
patterns were recorded with a Siemens D-500 ma-
chine, using Ni-filtered Cu Ko radiation (A = 0.15418
nm) and operating at 40 kV and 30 mA over the range
of 10-70 26°. The powdered samples were placed on
the appropriate holders and diffractograms were ob-
tained at a rate of 0.2 269/s. The specific surface area
(SSA) of the specimens was measured by nitrogen ab-
sorption (Micromeritics, Gemini II 2375) over a rage
of ratios of nitrogen pressure, p, over the atmospheric,
po, p/po = 0.10, 0.15, 0.20, 0.25 and 0.30. From the ni-
trogen adsorption- desorption isotherms over the en-
tire range of p/po between 0.05-1, the porosity was
calculated (Stardriver II® software, micromeritics).
The FTIR spectra were recorded over the wavelength
range 4000 to 400 cm using a FTIR spectrometer
(Digilab Excalibur) 20 scans at resolution of 2 cm-. Ra-
man spectroscopy (Renishaw inVia Reflex Raman mi-
croscope) was used for the identification of the cal-
cium carbonate polymorphs. The measurements were
carried out using excitation laser line at 785 nm. The
Raman system used collected approximately 7 x 105
Raman spectra in the spectral region 100-1200 cm™.
TGA analyses were obtained in nitrogen atmosphere
at a heating rate of 5 K/min. The morphology and
particle size were examined by scanning electron mi-
croscopy (SEM, Zeiss, Leo-Supra 35V) equipped with
a microanalysis unit (Bruker).

2.3. Treatment of the test specimens with nano-
particles (NP)

The material to be treated (Powdered PM or the
historic mortar sample) with ACC NPs, was sus-
pended in a solution containing DMC and CaCl; (con-
centrations as in 2.1). The suspension was thoroughly
mixed by magnetic stirring until homogeneous. Next
the appropriate sodium hydroxide solution was

added to make the suspension alkaline and initiate
hydrolysis of DMC, which resulted in the precipita-
tion of ACC. Stirring of the alkaline suspension con-
tinued for 2.5 min more and the solid was separated
from the fluid by filtration through membrane filters
(0.1 pm, Sartorius), freeze dried and kept at -200C.

For the treatment with am-SiO, NPs the test mate-
rials were suspended in ammonia solution in 95% eth-
anol. Ammonia concentration in the final solution
was 0.67M. Following homogenization of the suspen-
sion with magnetic stirring, TEOS was added and am-
SiO; formed immediately. The mixed suspension was
allowed under stirring for 30 more minutes and the
solid was separated from the liquid phase by filtra-
tion. The solid was next dried at 60° C for 24 hours
and was kept in a desiccator.

The treatment of the test samples with the compo-
site material ACC-am-5iO; was done by the addition
of 1.0 g of the test specimens t in suspensions of the
corresponding particles prepared as described in 2.1
under stirring. The contact time of the test materials
with the NPs in the suspension was limited to 10 min.
Next, the solid treated test samples were separated
from the liquid phase by filtration through membrane
filters.

2.4. Dissolution tests. Measurement of the rates
of dissolution

The dissolution of the test specimens was studied in
undersaturated calcium carbonate solutions at con-
stant pH. The progress of dissolution was assessed
measuring the calcium concentration in the undersat-
urated solutions as a function of time. Solutions un-
dersaturated with respect to calcite (the thermody-
namically most stable calcium carbonate polymorph)
were prepared in a thermostated batch reactor mixing
equal volumes of standard CaCl,.2H>O and NaHCO;
solutions, 75 mL each. Both solutions were prepared
from the respective stock solutions, prepared from
the corresponding crystalline materials. The calcium
chloride stock solutions were standardized with
atomic absorption spectrometry (AAS, Perkin Elmer
AAnalyst 300) and by titration with standard EDTA
solutions with murexide indicator. The sodium bicar-
bonate stock solutions were prepared fresh in every
experiment from the respective crystalline solid
(Merck Puriss.) dried overnight at 70°C and used
without any further standardization. The ionic
strength of the solutions was adjusted with sodium
chloride from the respective stock solution, made
from the solid without any further standardization. In
all measurements the total calcium concentration,
(Cay), in the undersaturated solutions was equal to the
total carbonate concentration (C;) and equal to
1.25mM. The ionic strength was 0.1M in NaCl. The
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pH of the undersaturated solutions was acid (6.50)
and it was adjusted by the addition of standard HCI
solution (Merck, titrisol). Following the verification of
the constancy of the solution pH, 10 mg of the test ma-
terial was introduced in the undersaturated solutions
and it was rapidly dispersed by magnetic stirring.

Throughout the dissolution of the calcium carbonate
component of the test specimens the pH of the under-
saturated solutions was kept constant by the addition
of standard hydrochloric acid to neutralize the pro-
tons released:

CaCO3(s) + H,05Ca?* (aq) + xH,CO3 + yHCO3 (aq) + zCO3™ + tOH™(aq) (1)

Where t=2x+y. to maintain solution pH, t moles of
standard hydrochloric acid should be added to neu-
tralize t moles of OH- ions released as calcium car-
bonate of the test materials matrix dissolves. In this
type of pH-stat experiments the total carbonate con-
centration, does not change significantly during dis-
solution, hence the ratios of carbonate to bicarbonate
ions and to the carbonic acid also do not change. The
rates of dissolution, can therefore be related with the
rate of addition of standard hydrochloric acid solu-
tion so that:

ACa;
AH*

=t ()

In Equation (2) Ca is the total calcium concentra-
tion in solution and H* the concentration of protons
(acid) added to neutralize the OH- ions released be-
cause of the dissolution. Combination of equation (2)
with mass and charge balance equations and the equi-
libria equations allows for the calculation of rates of
dissolution (Kazmierczak, 1982). Increase of the solu-
tion pH by 0.005 pH units, caused by the dissolution
of the carbonate component of the dissolving solid
(Equation 1), triggered the addition of standard hy-
drochloric acid solution from a motorized syringe
controlled by a digital computer. During dissolution,
samples were withdrawn, filtered through membrane
filters and the filtrates were analyzed for (total) cal-
cium by AAS. Analysis for total dissolved silicate was
done spectrophotometrically at 350 nm (UV-VIS spec-
trophotometer Perkin Elmer Lambda) by the con-
struction of the appropriate reference curve of the ab-
sorbance of standard samples as a function of their
concentration. The analytical method was based on
the complexation of silicate ions with ammonium mo-
lybdate (Babko, 1976). The initial rates of dissolution

were calculated from equation (2) and were validated
from the calcium-time profiles. The rates of dissolu-
tion were expressed per unit surface area of the dis-
solving solid.

3. RESULTS AND DISCUSSION

The characteristics of the test materials treated with
the NP preparations are presented in Table 1.

Table 1. Specific surface area (SSA), pore volume (calcu-
lated from the BET isotherm) and amount of solid depos-
ited on powdered Pentelic marble and the test mortar.

Material BET Specific Pore
Surface Area Volume
(m2/g) (cm?/g)
Powdered Pentelic 8.4 0.029
marble (PM)
Mortar 10.0 0.021
CaCOs; (ACQ) 4.7 0,006
ACC-PM 7.8 0.012
am-SiO, 325 0.103
am- S5iO, - PM 23.7 0.110

As shown in Table 1, the treatment of PM with
ACC resulted to the significant reduction of the low
pore volume of the material. In the case of am-5iO;
and because of the predominance of the am-SiO, NPs
the pore volume of the latter was predominant fol-
lowing the treatment. Apparently, the pore volume
measured for the treated PM reflects the correspond-
ing volume of am-5iO; which is higher than the re-
spective for PM. The SSA measured in the case of PM
treated with ACC dropped significantly while for am-
SiO; treated sample, the SSA was close to the respec-
tive for the NPs of am-SiO,. The morphology of PM
grains and mortar sample are shown in Fig.1.
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a

Figure 1. Morphology of (a) Pentelic Marble grains; Bar 1 ym (b) Historic mortar (60% calcite, 40% Silica); Bar 2 ym

As may be seen the powdered Pentelic marble
(Fig.1a) consisted of larger calcite grains underlying
finely dispersed calcite crystals (< 1um) on its surface.
It is anticipated that the small size crystallites dissolve
fast leaving the surface unprotected. The content of
trace components was very low and was not distinct
in the EDS spectra. Moreover, the XRD pattern did

not show any other phase except for calcite. The mor-
phological examination of the mortar sample showed
the presence of larger rhombohedral, though not well
shaped, calcite crystals covered by silicate crystallites
which formed aggregates.

The morphology of the ACC and am-SiO» NPs
which were used for the treatment of PM and of the
mortar are shown in Fig. 2.

Figure 2. Morphology of NPs for the treatment of calcitic building material: (a) ACC (bar 200 nmn) (b) am-SiO; (Bar 200
nm)

As may be seen ACC NPs are spherical particles
(Fig.1a) with diameters between 200-500 nm while
am-5iO; NPs (Fig. 1b) were more uniform in terms of
size with diameters around 100 nm. The size distribu-
tion in this case was more uniform in comparison
with the respective of ACC. Examination of the mor-
phological characteristics of the NP preparations in
relation with the morphology of the substrates to be
treated as shown in Figs. 1a and 1b, suggested that

both, ACC and am-SiO; could adhere favourably. Ad-
ditional factors as chemical and/or structural affinity
are expected to yield surface coverage sufficient at
least to improve resistance to erosion of the protected
materials upon contact with solutions favouring dis-
solution. The method of preparation of NPs is very
important in determining the mean size of silica
spheres. The treatment of PM and of the mortar sam-
ple resulted to the extensive coverage of the building
materials with the NPs as shown in Fig. 3.
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Figure 3. Pentelic Marble grain past treatiment with NPs: (a) am-SiO2 NPs; bar 200 nin (b))ACC NPs; bar 2um

As may be seen in Fig. 3a am-5iO; particles cover
fully the calcitic material in which calcite rhombohe-
dra are covered with the NPs. ACC covered also fully
marble grains providing besides consolidation, sacri-
ficial sites of dissolution which can possibly be re-
freshed by application of the NPs periodically. The
full coverage of the test materials with the synthe-
sized NPs when compared with the morphology of
the test materials before treatment (Fig. 1) shows that
both NPs have the potential of protecting against dis-
solution. In the case of Fig. 1b, a calcite grain of the

-~ z I = o =

PM is shown (ca. 6 um diagonal) fully covered by
ACC. ACC particles may provide primary sites of
(sacrificial) dissolution. Due however to the chemical
affinity of ACC to calcite (both are CaCOs3) a stronger
relationship is anticipated. The am-5iO, nanoparticles
seem to be firmly attached onto the calcite crystals of
the PM grains and it is anticipated that the layer they
form shall prove protective against dissolution.

The morphology of mortar sample, following treat-
ment with ACC and am-5iO, NPs respectively, is
shown in Fig. 4.

D7 4

Figure 4. Historic mortar sample (60% calcite, 40% silica) past treatment with NPs: (a)ACC NPs; bar 1um (b) am-SiO;
NPs; bar1 um

In Fig. 4a, ACC cover very efficiently the mortar
test specimen. As may be seen the ca. 500 nm ACC
particles convert gradually to the thermodynamically
more stable calcite nanocrystals with the rhombohe-
dral crystal habit. This partial conversion is expected
to result to slower kinetics of dissolution. On the other
hand, the excellent surface coverage of the mortar
specimen with tightly adhering am-SiO,, as shown in

Fig. 4b, is expected to provide protection of the mate-
rial against dissolution.

All materials containing calcium carbonate, dis-
solve in solutions undersaturated with respect to cal-
cite, the thermodynamically most stable calcium car-
bonate polymorphs. The saturation of calcium car-
bonate solution with respect to calcite, Scacite, is given
by Equation (3):
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_ (Ca2+)(C0§_) _ (IAP)calcite

Scalcite - KO
s,calcite

In Equation 3, () denote the activities of the respec-
tive ions, their product being the ion activity product,
IAP, and K9, calcite is the thermodynamic solubility
product of calcite. For Scicite=1 the solution is satu-
rated with respect to calcite and for Scarcite <1 it is un-
dersaturated. The relative undersaturation with re-
spect to calcite is defined as:
gl/2

calcite

4)

The rate of dissolution, Raiss, of any calcitic material
depends on the solution undersaturation:

Ocalcite = 1 —

®)

In Equation (5) kaiss is the apparent rate constant of
dissolution and n the apparent order of the process.
In this work, the results reported refer to Geacite = 0.89.

— n
Rdiss - kdissccalcite

Total calcium, Ca, / mM
o
1 "

-
n
-

-y
w
| L

% @)

According to Equation (4), the relative undersatura-
tion is 0<Galite<1. The dissolution of mortar sample in
solutions undersaturated with respect to calcium car-
bonate resulted in the increase of the calcium concen-
tration in the undersaturated solutions as a function
of time. At the initial stages the rate of calcium con-
centration change was rapid, slowing down with in-
creasing calcium concentration in the solutions due to
the dissolution of the carbonate content of the mor-
tars. This, results to decreasing relative undersatura-
tion (Gealcite—>0) and to lower rates of dissolution. The
concentration - time profiles for the calcium concen-
tration in the undersaturated solutions for untreated
and PM treated with suspensions of ACC and am-
Si0; are shown in Fig.5. The respective profiles for the
sample mortar with and without treatment are pre-
sented in Fig. 6.

-
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T y T T
0 2500 5000

T T T
7500 10000 12500

Time (s)

Figure 5. Dissolution of PM in solutions undersaturated with respect to calcite at constant pH; pH = 6.50, Gza1cite=0.89,
25.0°C. 0.15M NaCl; (B PM powder; (®) PM treated with ACC; (®) PM treated with am-SiO,.
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Figure 6. Dissolution of mortar sample, (M) in solutions undersaturated with respect to calcite at constant pH; pH =
6.50, oza1cite=0.89, 25.00C. 0.15M NaCl; (M) M powder; (®) M treated with ACC; (®) M treated with am-SiO,.

The solid lines in Figs. 5 and 6 were obtained by
fitting the data with the appropriate function to ob-
tain satisfactory correlation coefficients. The dissolu-
tion rates of the test specimens (PM and M) both un-
treated and treated with the methods described, were
calculated as initial rates according to Equation (6):

©)

The values calculated for the rate of dissolution for
all mortar samples without and after treatment with
the nanoparticles described are summarized in Table
2. They are reported as moles of CaCOj3 per unit time
and per unit surface area of the dissolving material. It
was considered that the dissolution takes place stoi-
chiometrically as in equation 1 (Phipps et al. 2001).

_ d[Cat]
Rdiss T dt

t-0

Table 2. Dissolution of calcitic materials (Pentelic marble,
PM, and mortar sample, M, consisting of 60% calcite- 40%
§i02) in calcium carbonate solutions undersaturated with
respect to calcite (Oca1cite=0.89); pH 6.50, 0.15M NaCl, 25°C.
Rates of dissolution, calculated from the respective cal-
cium- time profiles.

Specimen Rate of dissolution/x10-8
mol-m-2-s1

PM 1.40
ACC 3.40
PM treated with ACC 1.30
PM treated with am-5iO, 0.30
M 0.40
M treated with ACC 0.30
M treated with am-SiO; 0.05

As anticipated ACC yielded three times higher dis-
solution rates in comparison to the PM which consists

mainly of calcite. However, when PM was treated
with ACC the rate of dissolution was significantly
lower in comparison with the respective for ACC and
even slightly lower in comparison with the rate of dis-
solution of PM. These results suggested the presence
of strong interaction between the calcitic building ma-
terial with ACC apparently because of their chemical
compatibility, which were also reflected in the reduc-
tion of pore volume and specific surface area (Table
1). It is clear that ACC particles are protective for PM
and the excellent chemical compatibility offers not
only sealing of the material but also the replacement
of material loss due to weathering. The treatment of
PM with am-SiO; resulted to rate of dissolution one
order of magnitude lower than the corresponding to
PM. The am-SiO; NPs, with the treatment methodol-
ogy applied, covered completely the PM grains and
as a result it appeared that the porosity of PM was not
affected, as the treated material yielded the same po-
rosity as am-SiO» NPs. However, the treatment
showed excellent protection against erosion upon
contact with aggressive aqueous solutions. The struc-
tural compatibility of calcite with silica (Lioliou et al.
2007) is an additional advantage contributing to the
composite material integrity.

The untreated M sample yielded rate of dissolution
ca. three times lower than the respective for PM. It
should be considered however that during dissolu-
tion, the dissolution of the calcitic component is con-
sidered which is 60% (w/w) of the total. Normaliza-
tion would reduce the difference. In this case the
treatment with ACC yielded a small reduction in the

SCIENTIFIC CULTURE, Vol. 9, No 2, (2023), pp. 117-126



SURFACE TREATMENTS USING NANOPARTICLES AND PHYSICOCHEMICAL METHODS FOR THE PROTECTION OF

ANCIENT MONUMENTS BUILT OF CALCITIC MATERIALS

125

rate of dissolution, which is important for the perfor-
mance of ACC as weathering inhibitor especially if
the high rates of dissolution corresponding to the
ACC alone are considered. ACC apparently interacts
strongly with the calcitic component of M and pro-
tects the specimen from dissolution upon contact with
acidic undersaturated solutions. More impressive
however was the performance of the treatment of
mortar M, with am-SiO;. In this case, the rate of dis-
solution was extremely low, one order of magnitude
below the respective value for untreated M. The sig-
nificant content of M in silica favoured the interaction
of the specimen with the NPs.

In all cases, the magnitude of the rates of dissolu-
tion of both the untreated and of the treated materials
suggested, in agreement with results reported earlier
for PM (Kanellopoulou et al. 2019) the mechanism of
dissolution is controlled by surface diffusion, while
the contribution of mass transport is not significant
(Fan X. et al. 2022). The mechanism of dissolution,
suggested therefore that surface is important for the
deterioration of calcitic building materials and ele-
ments upon contact with aggressive aqueous media,
and that the treatment of PM and M with NPs with
suitable characteristics in terms of chemical compati-
bility and particle size provides effective protection.
This protection is best achieved when the surfaces are
treated with solutions which ensure direct spontane-
ous formation of the NPs.

4. CONCLUSIONS

Two types of nanoparticles (NPs) were prepared
for the treatment of building materials or components
consisting of calcite as a major component. Amor-
phous calcium carbonate (ACC) was prepared by the
controlled hydrolysis of dimethyl carbonate (DMC) in
the presence of sufficiently high calcium concentra-
tions. The nanoparticles obtained were spherical with
particle sizes between 200-500 nm. The particles were
stable at low temperature for at least one month.
Amorphous silica (am- SiO2) NPs were prepared by
hydrolysis of tetra ortho silicate (TEOS) in ethanol
and ammonia. The suspensions obtained were stable
and for over 8 months the particle size was in the
range between 10-30 nm. Powdered Pentelic marble
and a historic mortar from the Roman Patras arena
were suspended in the solutions in which ACC and
am-5iO, were prepared, before the onset of the re-
spective hydrolysis processes. Upon completion of
hydrolysis significant coverage of the treated speci-
mens was achieved, which proved to provide protec-
tion of the treated specimens against dissolution in
aqueous acidic solutions. Both ACC and am-SiO; pro-
tected the exposed surfaces through their strong in-
teraction with the calcite rich building materials
tested. The treatment with the NPs was successful be-
cause the surfaces probably participated in the mainly
heterogeneous nucleation of ACC and am-SiO».
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