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many menacing chemical, physical and 
biological alteration processes it faces, 
whether natural or anthropogenic in 
nature.[1–8] Over the last two decades, 
nanotechnology has contributed to the 
development of promising solutions for 
the protection and conservation of cul-
tural heritage, among several other appli-
cations. For this reason, nanolimes (i.e., 
calcium hydroxide nanoparticles) have 
been in the scope of both scientists and 
conservators, as they provide an effective 
solution to the shortcomings of conven-
tional consolidation treatments for porous 
substrates (e.g., stone, mortars, ceramics, 
and wall paintings), specifically the usually 
poor compatibility, limited durability, and 
effectiveness of synthetic polymers and 
alkoxysilanes.[9–12]

Nanolimes consolidate a porous sub-
strate via reaction with atmospheric CO2, 
forming CaCO3 cement. This carbonation 
reaction also occurs during application 
of limewater (i.e., a saturated Ca(OH)2 
aqueous solution), used as a traditional 
consolidant for centuries.[13,14] However, 
the low solubility of portlandite (Ca(OH)2) 

limits its efficacy,[15] as the use of large volumes of limewater 
is required to achieve a reasonable degree of consolidation. 
This is especially prohibitive in the case of water-sensitive sub-
strates.[16,17] To overcome the limitations of limewater, alcoholic 
calcium hydroxide suspensions were introduced, containing 
larger amounts of consolidant and displaying good colloidal 
stability, low surface tension, and an acceptable penetration 
capacity in porous substrates.[18,19] Their dispersion in aliphatic 
alcohols eliminates any possible water-related damage (e.g., salt 
mobilization, or freeze damage). Aiming at producing nano-
sized, highly reactive Ca(OH)2 crystals, Baglioni’s group devel-
oped a homogeneous synthesis method to produce particles 
50–500 nm in size (with a specific surface area, SSA, of up to 
≈35 m2 g−1), which are dispersed in ethanol or isopropanol and 
commercialized under the tradename Nanorestore.[20–22] How-
ever, this method involved tedious purification processes using 
water, which lead to particle coarsening.[23] This is an important 
drawback, because particles with larger sizes generally have 
lower SSA, reactivity and penetrability in a porous substrate. 
In 2005, Ziegenbalg et al. patented a solvothermal procedure 
for the synthesis of nanolimes (though, conditions of synthesis 

The relatively recent development of nanolimes (i.e., alcoholic dispersions of 
Ca(OH)2 nanoparticles) has paved the way for new approaches to the conser-
vation of important art works. Despite their many benefits, nanolimes have 
shown limited reactivity, back-migration, poor penetration, and lack of proper 
bonding to silicate substrates. In this work a novel solvothermal synthesis 
process is presented by which extremely reactive nanostructured Ca(OH)2 
particles are obtained using calcium ethoxide as the main precursor species. 
Moreover, it is demonstrated that this material can be easily functionalized 
with silica-gel derivatives under mild synthesis conditions, thereby preventing 
particle growth, increasing total specific surface area, enhancing reactivity, 
modifying colloidal behavior, and functioning as self-integrated coupling 
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ment is promoted by the presence of water, resulting in optimal bonding 
when applied to silicate substrates, as evidenced by the higher reinforce-
ment effect produced on treated Prague sandstone specimens as compared 
to those consolidated with nonfunctionalized commercial nanolime. The 
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of optimized consolidation treatments for the cultural heritage, but may also 
have important implications for the development of advanced nanomaterials 
for building, environmental, or biomedical applications.
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1. Introduction

The survival of our architectural and sculptural heritage greatly 
depends on the design of effective strategies to counteract the 
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were not specified) whereby highly reactive particles 30–300 nm 
in size (SSA of up to ≈35–40 m2 g−1) are obtained and commer-
cialized as alcoholic dispersions under the trademark Calosil 
(Figure S1, Supporting Information).[24] While in the case of 
carbonate substrates (e.g., limestone, plaster, and marble) an 
adequate consolidation upon application of these nanolimes 
is often reported, some drawbacks have been encountered: (a) 
limited reactivity after particle coarsening during synthesis and 
purification; (b) poor penetration in porous substrates associ-
ated with back-migration of the nanoparticles during solvent 
evaporation; and (c) lack of proper bonding between the newly-
formed CaCO3 cement and silicate substrates (e.g., sandstone, 
tuff, granites, or ceramics).[1,6,11,18]

The potential use of Ca(OH)2 nanoparticles to capture gas-
eous pollutants (e.g., CO2 or SO2) has also prompted research 
into different methods to produce calcium and magnesium 
hydroxide nanoparticles. Kirchgessner et al. patented a method 
for the synthesis of calcium hydroxide by slaking quicklime 
in the presence of calcium lignosulfonate. In this way, micro-
metric size portlandite aggregates with SSA of up to 40 m2 g−1 
were obtained for their use in SO2 capture.[25] More recently, 
the company Lhoist S.A. developed a high-yield industrial pro-
cess for obtaining highly porous and reactive Ca(OH)2 particles 
by controlled hydration of calcium oxide using industrial hydra-
tors and mill flash dryers.[26] The disadvantage of this method 
lies in the poor control over the particle size and the formation 
of large oriented aggregates, which cannot be redispersed in 
alcohol.[27] Also, the efficacy of this product is limited due to the 
formation of passivation layers that prevent complete reaction, 
making further purification steps necessary to reuse the unre-
acted material.[28]

Here we report on a novel method to obtain silica-function-
alized portlandite nanoparticles (Si-NL) showing well-developed 
(001) faces and plate-like morphology, minimal aggregation, 
and extremely high SSA, using a one-pot solvothermal syn-
thesis procedure, originally developed by our group for the pro-
duction of phase-pure bassanite (CaSO4·0.5H2O) nanorods via 
hydrolysis of amorphous calcium ethoxide as the main inter-
mediate species.[29] This method solves several limitations of 
previous synthesis strategies, as it has a high yield, does not 
require the removal of residual salts or additives, and allows for 
a circular production as all solvents can be distilled and recy-
cled. In addition, it enables the simultaneous functionalization 
of the portlandite nanoparticles with silica-gel derivatives that 
are able to generate nanocementitious CSH interfaces. These 
silica-functionalized nanolimes are very promising candidates 
not only for improved consolidation treatments in the field of 
heritage conservation, but also for other technical applications 
such as acid gas capture and storage, heterogeneous catalysis or 
the design of advanced building and biomedical materials.[30–33]

2. Results and Discussion

2.1. Synthesis of Si-NL

Si-functionalized portlandite nanoparticles (Si-NL) were 
obtained following a modification of the in-house devel-
oped one-pot solvothermal procedure for the phase-selective 

synthesis of bassanite nanorods.[29] In this case, the reaction 
mechanism (Figure 1a) proceeds in two steps as follows:

Ca 2CH CH OH Ca OCH CH H0
3 2 2 3 2 2( )+ → + ↑ � (1)

�Ca OCH CH 2H O Ca OH 2CH CH OH2 3 2 2 2 3 2( ) ( )+ + � (2)

In a typical synthesis run, during the first step (Equation 1), 
a white suspension of amorphous calcium ethoxide is obtained 
by the irreversible oxidation of 2 g of pure metallic calcium in 
200  mL of absolute ethanol at 80  °C under reflux condensa-
tion conditions. Afterwards, calcium hydroxide nanoparticles 
precipitate by the controlled hydrolysis of calcium ethoxide 
(Equation  2) upon addition of 10  mL deionized water and 
80 mL toluene, which locally increases the activity coefficient of 
water and speeds up the hydrolysis of calcium ethoxide. Finally, 
solvents are eliminated by rotary evaporation, yielding 3.5 g of 
Si-NL in the form of a white powder. It is important to men-
tion that all these synthesis steps were initially performed using 
a glass reactor, from which SiO2 leached under the synthesis 
pH and T conditions and partially transformed into silica-gel 
derivatives[34,35] that deposited on the surface of Ca(OH)2 par-
ticles as a highly porous nanostructured silica/CSH coating.[36] 
Further details on the materials used and synthesis route, as 
well as characterization methods and analytical techniques (see 
below) are presented in the Supporting Information.

2.2. Characterization of Si-NL

The X-ray diffraction (XRD) patterns of Si-NL show broad 00l 
and 0kl and narrow h00 Bragg peaks of portlandite (P3m1) 
indicating poorer crystallinity along the c-axis than along the a-
axis (Figure 1b). This is consistent with Scherrer crystallite size 
measurements, yielding D001 = 8 nm and D100 = 28 nm. These 
results indicate that the Si-NL powder is composed of extremely 
thin hexagonal plates of about ten to fifteen unit-cells (meas-
ured along the [001] direction), which is in good agreement 
with the results obtained by transmission electron microscopy 
(TEM, see below).

Fourier-transform infrared (FTIR) spectra of Si-NL 
(Figure  1d,e) showed an intense narrow band at 3642 cm−1 
associated with O–H bonds (ν O–H) in calcium hydroxide, 
along with a band at 1650 cm−1 ascribed to the bending (δ 
O–H) of water, a broad band at 1440 cm−1 (ν3 asym. CO3) and 
a narrow band at 880 cm−1 (ν2 asym. CO3) corresponding to a 
small amount of amorphous calcium carbonate (ACC, formed 
during sample handling), consistent with the absence of calcite 
Bragg peaks in the Si-NL XRD pattern. Furthermore, traces of 
unreacted calcium ethoxide were identified as a band triplet of 
C–H bond stretch vibrations (ν C–H) at 2956, 2900, and 2800 
cm−1, along with a moderately intense C–O stretching doublet 
(ν C–O) in the fingerprint region at 1114 and 1058 cm−1.[37] The 
presence of trace amounts of silica derivatives was confirmed 
by a low intensity broad band ranging from 960 to 1040 cm−1 
and a low intensity peak at 3692 cm−1, respectively, corre-
sponding to Si–O (ν Si–O) and SiO–H (ν SiO–H) bonds in the 
silica coatings (Figure 1d,e).[38]
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Thermogravimetry (TGA) curves obtained in both air and 
N2 permitted the calculation of the amount of unreacted cal-
cium ethoxide in the final product (Figure 1c). Under inert N2 
atmosphere conditions, a weight loss of 24.00 wt% from 450 to 
600 °C, associated with the endothermic dehydroxylation of cal-
cium hydroxide (Ca(OH)2 → CaO + H2O), and a small weight 
loss of 1.40 wt% from 600 to 800  °C, ascribed to the thermal 
decomposition of calcium carbonate (CaCO3  → CaO + CO2), 
could be observed. Under oxidizing conditions, in contrast, 
these endothermic processes resulted in mass losses of 22.80 
and 2.70 wt% respectively, indicating that the combustion of 
calcium ethoxide and the spontaneous carbonation of the origi-
nated calcium oxide (Ca(OCH2CH3)2  + 6O2  → CaO + 4CO2  + 
5H2O; CaO + CO2  → CaCO3) occurred simultaneously with 
the dehydroxylation of Ca(OH)2.[39] The difference between the 
amount of decomposed CaCO3 indicates that the synthesized 
nanolime was minimally carbonated (2.40 wt%) and contained 
a small amount of unreacted calcium ethoxide (4.70 wt%). The 
remaining wt% corresponded to pure portlandite (92.87 wt%) 
and adsorbed water (0.03 wt%). Considering that ACC origi-
nates from sample manipulation, a yield higher than 95% can 
be assumed.

TEM analysis (Figure  2a; Figure S2, Supporting Informa-
tion) revealed that Si-NL consisted of non-oriented aggregates 
(as shown by the angular spreading of the 110 reflections 
shown in the SAED pattern (Figure  2a, inset) made up of 
crystalline and relatively monodisperse thin plate-like portlan-
dite nanoparticles. The measured particle equivalent diameter 
(along the a or b directions) ranged from 20 to 120  nm and 
their widths (measured along the c direction) ranged from 5 

to 25 nm, dimensions that are significantly smaller than those 
of commercial nanolimes. Scanning TEM (STEM) energy dis-
persive X-ray spectrometry (EDX) elemental maps and spectra 
were decisive to prove that silica accumulated on the surface 
of the produced Ca(OH)2 nanoparticles (Figure 2b,c; Figure S3, 
Supporting Information). Further analyses performed on car-
bonated Si-NL (Figure  2d–f) showed that the silica coatings 
remained on the surface of newly formed calcite particles 
after carbonation, suggesting the formation of calcium silicate 
hydrate (CSH) interfaces.

Solid-state NMR results provided additional qualitative infor-
mation about the chemical nature of the silica nanostructures. 
The 29Si NMR spectra of both carbonated and noncarbonated 
Si-NL (Figure 3a,b) showed a broad band of moderate intensity 
at δ(29Si) ranging from −50 to −150 ppm, with a maximum at 
−108.1 ppm and a shoulder at −117.7 ppm corresponding to Q3 
and Q4 –Si–O–Si– structures, respectively, typically ascribed 
to amorphous SiO2 (i.e., silica-gel). Additionally, a low inten-
sity peak at −71.8 ppm alongside a shoulder at −82.5 ppm and 
a maximum at −92.6  ppm could be ascribed to Q0, Q1, and 
Q2 structural units, respectively, corresponding to CSH spe-
cies.[40,41] Silanol and siloxane functional groups were also iden-
tified by the moderate intensity shoulder at −130.6 ppm and the 
low intensity peak at −146.2 ppm respectively. 1H NMR spectra 
(Figure  3c) for both samples suggest that nanofilms initially 
contained small amounts of CSH, as revealed by the peak at 
+6.2 ppm (CSH (Si–)O–H bonds), which showed a significant 
increase in intensity after carbonation. This latter confirms that 
the concentration of CSH phases increases upon carbonation 
(see below).

Small 2023, 2300596

Figure 1.  a) Synthesis schematic and characterization of Si-NL. b) Broad 00l and 0kl Bragg peaks in the XRD patterns confirm that Si-NL is composed 
of extremely thin portlandite plates. c) TGA in both air (black) and N2 (red) allowed to determine that the yield % of the complete synthesis was >95%. 
d,e) The FTIR spectra revealed small amounts of unreacted calcium ethoxide (low-intensity sharp bands at 1114 and 1058 cm−1) and silanol groups 
(broad Si–O stretching band at ≈1000 cm−1 and weak SiO–H stretching peak at 3692 cm−1), along with Ca(OH)2 (sharp and intense O–H stretching 
band at 3642 cm−1).
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BET analysis of the N2 sorption isotherms (Figure S4a, Supp-
porting Information) shows that Si-NL has extremely high SSA 
values of up to 80 m2 g−1, which are among the highest values 
reported for similar products in the literature. The increase 
in SSA as compared with commercial nanolimes could be 
explained by the overall decrease in particle size, as well as the 
high aspect ratio of the very thin, plate-like nanoparticles.[42] 
Additionally, the presence of the highly porous silica coatings 
might account for 5–10% of the total SSA.[42,43] Functionalized 
nanolime particles exhibited a Type II isotherm with a H3 hys-
teresis loop corresponding to non-microporous solids with slit-
shaped pores, standard features of portlandite powders.[18]

XRF analyses of Si-NL and the calcium ethoxide precursor 
synthesized in a glass reactor (Table S1, Supporting Informa-
tion) revealed that both contained Si in low concentrations of 
0.01 and 0.02 wt% (measured as SiO2 wt%), respectively. This 
means that SiO2 lixiviation from glassware occurred not only 
during the hydrolysis of calcium ethoxide, but also during 
its formation. Silica lixiviation is due to the high pH reached 
during synthesis (note that silica solubility increases exponen-
tially at pH > 9).[44] Because the Ca(OH)2 surfaces, and in par-
ticular the (001) faces (those with the highest development in the 
plate-like particles of Si-NL), are positively charged due to the 
presence of abundant –CaOH2

+ surface species at alkaline pH 

Small 2023, 2300596

Figure 2.  TEM photomicrographs of a) non carbonated and d) carbonated non-oriented Si-NL aggregates. c,f) The STEM-EDX elemental Si maps 
confirmed the presence of silica covering the nanoparticles. b,e) Elemental Ca maps are included for reference.
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(Table S2, Supporting Information), a strong interaction with 
negatively charged deprotonated silica derivatives takes place, 
resulting in the formation of silica-coatings on the portlan-
dite nanoparticles.[36,45] This fortuitous silica functionalization 
of nanolimes is of special interest, as it opens up unexplored 
frontiers in the field of stone consolidation. For this reason, the 
synthesis was replicated using a Teflon reactor in the presence 
of pure tetraethyl orthosilicate (TEOS) to simulate the effect of 
the silica lixiviated from the glassware. The use of TEOS was 
preferred over other silicates (e.g., K2SiO3 or Na2SiO3) to avoid 
coprecipitation of nonportlandite solids during solvent evapora-
tion, thus eliminating the need for further purification steps. 
In practice, 50 mg TEOS were added prior to the hydrolysis of 
calcium ethoxide, which resulted in a product (TEOS-NL) with 
similar characteristics as the one obtained via fortuitous silica 
functionalization, suggesting that controlled mass production 
of silica-functionalized nanolime is feasible (Figures S5–S8, 
Supporting Information).

These observations suggest that the silica coating was key 
for the obtention of Ca(OH)2 plate-like nanoparticles with 
the smallest size and highest SSA of any existing nanolimes. 
Indeed, Kellermeier et al.[46] have shown that trace amounts of 
silica (dosed as Na2SiO3) enabled the stabilization of prenuclea-
tion clusters (PNC, a few nm in size) and ACC nanoparticles 
via the formation of a surface coating that prevented further 
growth and transformation into crystalline CaCO3. It is, there-
fore, reasonable to assume that a similar effect was at work in 
our system during the formation of Ca(OH)2 nanoparticles, lim-
iting their growth and resulting in smaller size and extremely 
high SSA.

2.3. Colloidal Behavior of Si-NL

Optical density measurements showed high colloidal stability 
of all tested nanolimes when dispersed in ethanol. When water 
was added, Calosil nanoparticles started aggregating and set-
tled within 450 min. Flocculation was much faster in the case 
of Si-NL, the particles only taking 60  min to form aggregates 
(Figure  4a,b). Two factors could have contributed to the sedi-
mentation mechanism: On the one hand, the addition of water 
might have induced particle coarsening, leading to faster set-
tling rates. However, this effect should be minor due to the rela-
tively low solubility of Ca(OH)2. On the other hand, aggregation 
is strongly dependent on the electrical nature of the particle-
fluid interface and changes in particle surface charge likely 
played an important role.[47]

Electrokinetic analyses revealed that the ζ-potential of sus-
pensions of nanolimes in limewater decreased from +10.7 ± 
0.4 to −2.1 ± 0.2 mV in the case of Calosil and Si-NL,[18] respec-
tively, demonstrating that the silica nanocoating modified the 
surface charge and made the functionalized nanolimes more 
susceptible to aggregation in hydro-alcoholic solutions as com-
pared to Calosil.[45] However, the colloidal stability of Si-NL in 
alcohol was not altered by the silica coating. Having the ability 
to induce on-demand sedimentation of nanoparticles inside a 
porous substrate by changing the dielectric constant (ε) of the 
carrier solvent right after applying the nanolime treatment, is 
an interesting result for practitioners working in the field of 
heritage conservation. In this way, the treatment efficacy can 
be maximized by preventing back-migration during solvent 
evaporation, which is one of the main drawbacks of this type 
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Figure 3.  29Si solid state NMR spectra of a) non carbonated and b) carbonated Si-NL demonstrating the presence of CSH (including Q0–Q2 structural 
groups), and other silica derivative species (Q3–Q4) originating δ(29Si) chemical shifts between −50 and −150 ppm. Deconvolution (R2

a = 0.957 and 
R2

b = 0.945) allowed to distinguish between Q0 to Q4 units, silanol and siloxane structural groups. Chemical shift δ(1H) signals in the c) NMR spectra 
revealed that the composition of nanofilms evolved upon hydration and carbonation of Si-NL, leading to the formation of CSH phases (intense O–H 
band at +6.2 ppm). Negative NMR δ(1H) shifts (*) might correspond to spinning sidebands. The schematic in (d) represents the expected silica/CSH 
moieties present in the nanocoatings.
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of consolidants, greatly contributing to the formation of poorly 
soluble CaCO3 veils that cause dramatic color changes of the 
treated surface and limits in-depth consolidation (Figures S9 
and S10, Supporting Information).[48–50]

Spraying a phenolphthalein solution on freshly fractured 
surfaces of consolidated sandstone slabs confirmed that the 
application of nanolimes resulted in a homogeneous distribu-
tion of the Ca(OH)2 nanoparticles inside the treated sandstone 
specimens immediately after application. However, the material 
underwent significant back-migration during solvent evapora-
tion, being accumulated in a few mm-thick surface layer after 
only two hours (Figure 4b-left image). This effect was substan-
tially reduced, especially in the case of Si-NL, when water (i.e., 
5 mL cm−2) was applied on the stone surface minutes after the 
consolidation treatment (Figure 4b-right image). The beneficial 
effect of the water application was confirmed by TGA analyses 
of samples collected from the core of the treated specimens 
(i.e., 1  cm depth), revealing that nanolimes were distributed 
throughout the porous sandstone specimens. Remarkably, the 
measured weight loss corresponding to CaCO3 decomposition 
was approximately double in the case of samples treated with 
Si-NL than those treated with Calosil (Figure  4d; Figure S11, 
Supporting Information), suggesting a more homogeneous 
distribution of Si-NL inside the porous system due to a more 
efficient aggregation after the application of water, while Calosil 
tended to form crusts on the treated surface.

2.4. Consolidation Tests

Mercury intrusion porosimetry (MIP) results showed a sig-
nificant porosity reduction of 20.2% and 14.6% for Si-NL and 
Calosil treated sandstone, respectively, as compared to the 
untreated control (i.e., total porosity of untreated control sam-
ples and specimens treated with Si-NL and Calosil being 28.7%, 
22.9%, and 24.5%, respectively) (Figure  4e). Furthermore, the 
median pore size decreased from 40 µm (untreated control) to 
30 and 20 µm upon treatments in the case of Calosil and Si-NL, 
respectively, as nanoparticles deposited and carbonated within 
the porous system. The volume corresponding to pores with 
diameters larger than 100 µm also experienced a sharp reduc-
tion, consistent with the filling-in effect of the treatment.

Drilling resistance measurements provided additional proof 
for the effectiveness of the nanolime treatments. The drilling 
resistance of treated sandstone increased consistently over the 
whole drilling profile, by 3.51 ± 1.17 N (101.5 ± 33.8%) and 2.84 
± 0.80 N (82.1 ± 23.1%) in the case of Si-NL and Calosil, respec-
tively (Figure  4f). The higher mechanical resistance shown by 
the sandstone specimens treated with Si-NL is in good agree-
ment with the greater reduction in total porosity and the pres-
ence of silica/CSH interfaces acting as coupling agents between 
the newly formed CaCO3 cement and the sandstone substrate, 
also enhancing the aggregation behavior of nanoparticles as 
previously mentioned.[36]

Small 2023, 2300596

Figure 4.  a,b) Colloidal behavior of Si-NL and Calosil hydro-alcoholic dispersions analyzed by optical density measurements. Dashed and solid lines 
in (a) correspond to dispersions in pure ethanol and ethanol–water, respectively. The phenolphthalein test (bottom images in (b)) demonstrated that 
the addition of water induced on-demand aggregation and inhibited back-migration, as detailed in the c) schematic. Consolidation effects of Si-NL 
treatments (red curves) on cured sandstone specimens as compared to Calosil treatments (blue curves) and an untreated control sample (black curve), 
measured by means of d) TGA, e) MIP, and f) drilling resistance, proving that silica-functionalized Si-NL distributed more homogeneously along the 
stone depth profile than Calosil (i.e., double the amount of decomposed CaCO3 (TGA results) in the core of sandstone samples treated with Si-NL), 
originating a sharper decrease in the total porosity and median pore size, and conferring a remarkable drilling resistance over the entire drilling profile 
(error bars indicate the St.Dev.).
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Spectrophotometric results showed that the treatments 
affected the chromatic appearance of the stone surfaces due 
to the formation of a white veil, which led to an increase in 
luminosity (i.e., ΔL* values being 11.8 ± 1.9 and 12.4 ± 1.6 for 
Si-NL and Calosil treated surfaces, respectively), being the main 
cause of the overall chromatic changes (i.e., ΔE* values being 
12.9 ± 1.1 and 13.3 ± 1.7 for Si-NL and Calosil, respectively). This 
is problematic, since conservation treatments should not pro-
duce visually detectable chromatic changes (i.e., ΔE  > 3.0).[51] 
Here, highly concentrated nanolime dispersions of up to 
25 g L−1 were used to obtain a maximum strengthening effect. 
Therefore, to avoid the formation of white veils, the use of less 
concentrated dispersions and immediate elimination of excess 
surface deposits using a wet cloth is recommended, as it is rou-
tinely done by conservators applying nanolimes in the field.[52]

2.5. Mechanism of Carbonation and Consolidation

The comparison of the carbonation kinetics between Si-NL and 
the commercial Calosil nanolime revealed a much faster car-
bonation rate and a higher portlandite-to-calcite conversion effi-
cacy of the former, being ≈86% in the case of Si-NL and only 
≈40% in the case of Calosil after 72 h (Figure S4b, Supporting 
Information). These are very promising results, as overcoming 
low conversion efficacy has been one of the most challenging 
issues in the development of commercial products for gas cap-
ture applications.

In the particular case of heritage conservation, fast carbona-
tion is also a highly desirable feature for nanolimes, as it also 
ensures a rapid consolidation effect.[1] Remarkably, silica nano-
films did not reduce the reactivity of Ca(OH)2 nanoparticles. 
In fact, these highly porous condensed polymeric silica spe-
cies seemed to have contributed to a faster carbonation rate 
and better consolidation efficacy by a mechanism that implies 
enhanced water absorption and can be summarized below.

First, at high humidity conditions (80% RH), water conden-
sates on the surface of Si-NL and is quickly absorbed by the 
highly porous silica nanocoating. This initial transport of liquid 
water allows the dissolution of the calcium hydroxide parti-
cles, leading to a pH increase and a partial dissolution of the 
silica coating. Subsequently, free Ca2+ interacts with the silica 
derivatives leached from the coating to form a CSH interface 
(Figure 5a).[36]

In a second stage, atmospheric CO2 capture is promoted by 
the high pH at the surface of Si-NL nanoparticles (pH ≈ 12.4), 
proceeding via the formation of HCO3

− ions that readily dis-
sociate to form H+ that neutralize OH− originated from the dis-
solution of calcium hydroxide, and CO3

2− that interacts with the 
remaining free Ca2+ ions to form CaCO3 (Figure 5b). It is not 
likely that the released product H2O interferes with this pro-
cess as water will diffuse out of the Ca(OH)2-solution interface 
through the porous Si-coating, allowing both the nanoparti-
cles and the coatings to stay almost intact during carbonation. 
Indeed, product H2O probably contributes to the progress of 
the carbonation reaction by enabling further dissolution of 
portlandite (i.e., autocatalytic carbonation).[28]

Finally, in the case of silicate substrates (sandstone in this 
case), the silica nanofilm acts as a self-integrated coupling 

agent between the substrate and the CaCO3 cement. New 
Si–O–Si covalent bonds are formed by the hydrolysis and con-
densation of terminal Si–OH groups from both the sandstone 
(i.e., from mineral phases such as quartz and feldspar)[53] and 
the silica/CSH covering the nanoparticles, conferring greater 
mechanical strength to the consolidated substrate (Figure 5c,d) 
as evidenced by the drilling resistance tests. This effect solves 
another important drawback of conventional nanolimes when 
used as consolidants, as CaCO3 by itself would not establish 
covalent bonds with non-calcareous substrates such as sand-
stone, thus only acting as pore fillers.[54]

3. Conclusion

In this work we describe a novel and easily reproducible, 
high-yield solvothermal procedure for the synthesis of silica-
functionalized nanolimes for their application as consolidants 
in the conservation and restoration of the built and archaeolog-
ical heritage, involving the formation and hydrolysis of calcium 
ethoxide as the main intermediate species.

Based on FTIR, TEM, STEM/EDX, and solid state 29Si and 
1H NMR results we demonstrate that considerable amounts of 
different silica-derived species (i.e., monomeric and/or poly-
meric), including CSH, silica-gel and siloxanes, accumulates 
on the surface of nanolimes in the form of a porous film that 
inhibited crystal growth upon adsorption on portlandite faces, 
thus limiting coarsening effects, irreversible oriented aggrega-
tion and allowing for a better control of the particle size. Alto-
gether, these effects lead to the production of very small, plate-
like portlandite nanoparticles, displaying surface area values 
nearly two times higher than those of commercial nanolimes.

Functionalization is a promising strategy to solve two of the 
most common handicaps of nanolimes when used as consoli-
dants, including the control over back-migration and the lack of 
cohesion between the new CaCO3 cement (i.e., from Ca(OH)2 
carbonation) and the treated substrate, typically diminishing 
the efficacy of the consolidation treatment.

Significant differences in the ζ-potential and kinetic stability 
between limewater suspensions of Si-NL and Calosil demon-
strated that silica nanofilms affected the electrostatic nature of 
the surface of nanoparticles and their colloidal behavior. While 
pure calcium hydroxide particles (Calosil) showed high stability 
over time, Si-NL particles aggregated much faster when dis-
persed in a hydroalcoholic solution. However, they both showed 
a remarkable stability when dispersed in ethanol, which is a 
key feature for the proper application of nanoparticle-based 
consolidant treatments. Back-migration of Si-NL nanoparticles, 
one of the most important drawbacks of nanolimes, was drasti-
cally reduced by simply changing the dielectric constant of the 
carrier solvent, inducing an effective on-demand aggregation 
of the particles, as shown by the phenolphthalein tests. TGA 
analyses of samples collected from the innermost part of the 
treated sandstone blocks confirmed that in the case of Si-NL, 
back-migration and the problematic accumulation of CaCO3 
near the surface was significantly reduced after the application 
of a small volume of water.

Furthermore, functionalization did not negatively interfere 
with the subsequent carbonation of the calcium hydroxide 

Small 2023, 2300596
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particles, but was even beneficial as the highly porous silica 
facilitated water absorption and the partial dissolution of 
Ca(OH)2, catalyzing the capture of CO2 in the highly alkaline 
pore solution, fostering and the precipitation of CaCO3 cement. 
Most importantly, it enabled the formation of silica/CSH inter-
faces, which acted as coupling agents between the consolidant 
and the treated silicate substrate by establishing strong covalent 
Si–O–Si bonds, as shown by the increase in the drilling resist-
ance of the stone specimens treated with Si-NL.

Finally, the fortuitous silica functionalization set the funda-
mentals for the synthesis of TEOS-functionalized nanolimes 
in non-glass reactors, displaying similar features as those 
obtained using glassware. The latter demonstrates the enor-
mous potential of this methodology for controlled and scalable 
industrial production of functionalized nanolimes with a huge 
added value. The production of functionalized nanolimes could 
mark a major milestone for the conservation of cultural her-
itage, as well as for the development of advanced nanomaterials 
for building, environmental, or biomedical applications. For 

instance, functionalized nanolimes could find high added-value 
applications in fields such as dentistry (e.g., root-canal endo-
dontics) and biomedicine/biomaterials (e.g., bone-grafting).
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