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Ethyl silicate (tetraethoxysilane, TEOS) is commonly used for consolidating construction materials containing
siliceous components such as sandstone, cement mortars and concrete structures. This is especially due to its high
compatibility with the substrates’ silicate matrix. Its lack of bonding to calcareous substrates is however
considered an important handicap. Here we investigate the consolidation effectiveness and durability of a
combined TEOS-nanolime treatment applied on weathered biocalcarenite stone. We report evidence of physical
and chemical interactions between the two consolidant materials resulting in limited drying shrinkage and the

formation of calcium silicate hydrate (C-S-H) gel, responsible for improving the treated carbonate substrate
mechanical properties and treatment durability as compared to both products used separately. The results of this
experimental study are promising and could be the foundation for further studies toward obtaining a compatible,
effective, and long-lasting consolidation treatment for porous calcareous building materials.

1. Introduction

Building materials (e.g., natural stones, cement/concrete, bricks
and/or lime mortars) exposed to outdoor environments undergo several
chemical, physical-mechanical and biological degradation processes
that compromise their aesthetic appearance, internal cohesion and/or
structural integrity [1,2]. Consolidants are commonly used to recover
the strength of degraded building materials and decrease the substrate’s
deterioration rate (i.e., returning the properties of the decayed substrate
as close as possible to those of the sound substrate) [3,4]. In general,
suitable consolidants must meet the following criteria [1,3,4,5,6,7,8,9]:
i) be physically, mechanically and chemically compatible with the
substrate’s main cementing material; ii) recover the substrate’s me-
chanical properties; iii) reduce open porosity and capillary pores
without creating a stark difference between the consolidated external
layer and the inner core material; iv) reduce the capillary absorption
rate without hampering the water vapor transport through the porous
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substrate; iv) not induce significant color or aesthetic changes such as
generation of surface gloss; and v) maintain its effectiveness in the
long-term. Additionally, the treated area must ideally have the same
moisture and thermal expansion coefficient, and elastic modulus as the
untreated material to avoid long-term internal stresses and assure
complete compatibility [2]. Finally, in terms of practicality, the treat-
ment also must be cost-effective, easy to apply and safe to handle, and
meet national or regional health/safety and VOC (volatile organic
compound) regulations.

Among consolidants, TEOS (tetraethoxysilane, Si(OEt)4), also known
as ethyl silicate, is one of the most commonly used products for
consolidating siliceous-based construction materials such as sandstone,
tuff stone, cement mortars and other concrete structures [2,7,10,11,12,
13,14]. The popularity of TEOS products is due to their ample com-
mercial availability and reasonable price, and their proven general high
physical and chemical compatibility with siliceous materials, leading to
a reduction in porosity and strength increase with minimal alteration in
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substrate appearance [7,13]. Once applied to the substrate, ethyl silicate
consolidates by means of a sol-gel process in a two-step mechanism [7,
15]: i) first ethyl silicate undergoes hydrolysis in the presence of water
(i.e., moisture and water vapor in the atmosphere or in the pores),
forming reactive silanol groups (Si—-OH) and ethanol, which evaporates
leaving no residue; and ii) silanol groups polymerize by a poly-
condensation process forming siloxane bonds (Si-O-Si), and also reacting
with OH-groups on the silicate surface. It precipitates within the porous
substrate structure as amorphous silica gel, thus restoring the binding
capacity of the cementing phase in the weathered substrate and recon-
necting loose mineral grains, which ultimately leads to an increase in
mechanical strength [2,7,13]. However, despite the advances in TEOS
products and their widespread use for consolidating siliceous construc-
tion materials, they are also known to have some major drawbacks: i)
important difference in thermal expansion coefficients of silica gel and
other/common mineral phases [16]; ii) significant cracking due to
drying shrinkage [17], and iii) poor consolidation effectiveness in
carbonate-based substrates [7,18]. The difficulty in achieving a bond
between ethyl silicate and carbonate-based substrates due to the absence
of hydroxyl groups on the carbonate minerals’ surface has long been
considered an important problem, especially in architectural heritage
conservation practice [1,7,18]. In general, it is claimed that the
precipitated silica gel acts as a simple pore filler and creates an only
weak physical bond with the substrate, resulting in limited improvement
of mechanical properties and long-term durability [17,18,19]. To
enhance compatibility and improve chemical bonding between ethyl
silicate and carbonate substrates, different strategies have been pro-
posed involving the use of coupling agents [2,7], addition of nano-
particles with anchoring capacity [19], or pre-treatments [20,21,22].
Ziegenbalg’s group [22,23] explored the possibility of a combination of
TEOS and nanolime in a series of preliminary investigations which
involved: i) the application of a combined treatment of TEOS and
nanolime in a homogeneous mixture; and ii) the consecutive application
of nanolime dispersions (pre-treatments) followed by TEOS. Based on
their preliminary findings, they reported that in both cases combined
treatments were more effective in improving the mechanical properties
and durability on several calcareous substrates than TEOS or nanolime
separately. This improvement has been attributed either to enhanced gel
formation due to the presence of hydroxide ions that catalyze the hy-
drolysis process, and/or a possible coupling agent capacity of nanolime
[24]. Although the same group tested this strategy on several substrates
using different treatment protocols, the underlying chemistry behind
this combined treatment remains poorly understood. Advances in
cement and concrete composites have evidenced improved performance
of ethyl silicate consolidants in combination with slaked lime [11] or
nanolime particles [25] through the precipitation of additional calcium
silicate hydrate (C-S-H) gel upon pozzolanic reactions between ethyl
silicate and Ca(OH); (nano)particles, as well as with portlandite crystals
formed during cement hydration [26,27]. As a result, a significant
densification and strengthening of the cement material occurs, while
conserving the original color and appearance. Borsoi et al. [28] and
Matos et al. [29] reported appropriate consolidation of lime renders
following the application of TEOS plus lime water or nanolime,
respectively, yet the authors do not report C-S-H formation. Michalo-
poulou et al. [30], in contrast, observed that a limited formation of
C-S-H occurs upon reaction (at room T) of TEOS and nanolime. It is
evident that further research on the effectiveness, strengthening effect,
and underlying chemistry of mixed TEOS-nanolime consolidants is
needed, particularly considering the sometimes-conflicting results
regarding their modus operandi and effectiveness [31]. Based on the
current knowledge, we hypothesized that the above-mentioned
"pozzolanic effect" could be partly responsible for the successful re-
sults observed in Ziegenbalg’s preliminary experiments [22]. However,
other effects might be at play and a better in-depth understanding of the
technology could enable the design of improved TEOS-nanolime con-
solidants, for their use as compatible, effective, and long-lasting
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consolidation treatments for calcareous building materials.

Here we explore the effectiveness and durability of a combined
TEOS-nanolime treatment applied on a calcareous substrate (bio-
calcarenite stone). Concrete/cement composites were not considered
here as inherent C-S-H could mask the effect of the treatment, foster the
heterogeneous precipitation of consolidant-based C-S-H (i.e., seed ef-
fect), or promote pozzolanic reactions between the TEOS-derived silica
gel and the portlandite formed upon cement hydration [11]. The
textural, physical, hydric, and mechanical properties of treated calcar-
eous stone samples were determined and compared to control samples
and samples treated with either ethyl silicate or nanolime. The outcome
of this study not only provides an in-depth understanding of underlying
reaction mechanisms in TEOS-nanolime mixtures and shows a new
pathway for the formation of C-S-H, it also offers valuable information to
conservation specialists aimed at improving treatment protocols and
designing optimized consolidants for heritage conservation.

2. Materials and methods
2.1. Calcareous stone

The selected stone is a biocalcarenite from San Cristébal (El Puerto
de St. Maria, Cadiz, Spain), which has been extensively used in heritage
buildings in the south of Spain, including the Cathedral of Seville [10].
San Cristobal biocalcarenite stone is characterized by having a sparitic
carbonate cement (carbonate particles larger than 2 pm), as well as
calcite bioclasts, along with quartz (large aggregates) and feldspar
grains [10,32]. Additional minerals such as phyllosilicates and zircon
are also commonly present in this stone in minor amounts [32]. For our
experiments, a large block coming from the quarry was cut into 40 x40
x40 mm cubes for testing. The mineralogical composition was deter-
mined by X-ray diffraction (XRD, PANalytical XPert PRO) with Cu Ka
radiation and Ni filter. XRD patterns were recorded with a step size of
0.026 26 and goniometer speed of 0.05 °20 s~!, in the angular range
3-70 °26. Crystalline phases were identified by comparison of experi-
mental XRD patterns with those published in the International Center for
Diffraction Data (ICDD) reference database, and their
semi-quantification was performed using the reference intensity ratio
(RIR) method [33]. XRD semiquantitative RIR analysis shows that this
stone includes calcite as the main phase (50%, CaCOs3, ICCD card
#83-0577), with a relatively large amount of quartz (35%, SiOy, ICDD
card #83-0539) and small amounts of feldspar (15% microcline, KAl-
Si30g, ICCS card #22-0687) (see Supplementary Material, Fig. S1). The
pore structure was determined by mercury intrusion porosimetry (MIP)
by means of an Autopore 9600 (Micromeritics) instrument equipped
with low- and high-pressure cells, the latter reaching 30,000 PSI
(207 MPa). Samples for MIP consisted of stone fragments (~1 g) which
were dried in a ventilated oven at 60 °C until constant weight, i.e., when
three successive measurements showed a weight variation <1% after
>24 h (up to 48 h). A moderate T of 60 °C was selected (instead of
standard 110 °C) to enable a comparison with treated samples, which
were dried at 60 °C (see below) to avoid/minimize heat-related changes
in the consolidants. MIP results show that the open porosity of this stone
is 29 + 3% (N = 2) with a bulk density of 2.04 + 0.11 g cm 3 (N = 2).

2.2. Weathering of stone blocks prior to consolidation

To evaluate the effect of the consolidation treatments, stone samples
were first artificially weathered (labeled as “W”), as recommended by
NORMAL 20/85 when evaluating the effectiveness of consolidation
treatments in construction materials [34]. Note that 3 additional
cube-shaped specimens were kept without weathering as control sam-
ples (labeled as “CO™). Artificial weathering was performed by creating
damage through several salt crystallization cycles (15 cycles) according
to EN 12370 [35]. This experiment followed the recommendations
stated by Lubelli et al. [36] including the use of non-destructive
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techniques (NDT) such as ultra-sounds pulse velocity (UPV) to monitor
the decay, and the measurement of conductivity at the end of the crys-
tallization cycles to ensure that no residual salt remains in the samples
after the weathering process. Here UPV was measured using a Control
58-E4800 portable tester (with transducers of 54 kHz and a circular
contact surface of 27 mm in diameter) following ASTM D2845 [37].
P-wave velocity values (Vp) decreased from 1610 + 32 m sTT(N=12) to
1344 + 50 ms ! (N = 12), indicating a reduction in the material’s
stiffness or elastic modulus upon weathering. Conductivity values
decreased significantly from an initial 52.718 mS cm ™ to less than
0.001 mS cm ™}, which confirms that desalination by repeated immer-
sion in deionized water was complete at the end of the weathering test.
The open porosity (MIP) of weathered samples was 31.7 + 2.0% (N = 2)
and the bulk density 2.18 + 0.19 g cm ™3 (N = 2).

2.3. Consolidation products

Two commercial consolidation products and a mixture of both were
used:

(i) CALOSIL E25® (IBZ Salzchemie GmbH & Co.KG, Germany):
25 g L7! calcium hydroxide in ethanol. Particle size 50-150 nm. This
product has a density of 0.80 g cm™> (at 20 °C) and a viscosity of
0.00275 kg m! s (at 25 °C) according to the manufacturer. This
nanolime dispersion is referred to as C.

(ii) ESTEL 1000® (CTS, Spain): 75 wt% ethyl silicate (40% mono-
mers, 35% dimmers/trimers, also containing 1% dibutyltin dilaurate as
a catalyst) and 25 wt% white spirit. This product has a density of
097 g cm 3 (at 20 °C) and a viscosity of 0.0049 kg m~' s ) (at 25 °C)
according to the manufacturer. This consolidant is referred to as T.

(iii) Mixture of CALOSIL E25® and ESTEL 1000® in a 1:3 vol ratio
(see details below). The two products were mixed and sonicated for 30 s
right before application onto the porous stone. This mix is referred to as
CT and has a Ca/Si mole ratio of 0.04. This mixture was selected after
extensive preliminary testing considering the curing and textural/
structural evolution at different mixing ratios. C:T ratios > 1:3 led to
inhomogeneous white silica gel products (Fig. S2). Additionally, such
mixes led to excessive dilution of the T component, leading to a TEOS-
depleted consolidant, which might jeopardize the effectiveness of the
treatment. Conversely, C:T ratios < 1:3 resulted in amorphous silica gel
films displaying pervasive cracking due to drying shrinkage [7], also
noted in our preliminary experiments where cracks were more abundant
as the concentration of T in the mix increased (up to 57+5 cracks/mm?
for pure T as shown by SEM imaging) (Fig. S2a). Therefore, a 1:3 vol
ratio of C and T was selected as it led to just a 25% dilution of the TEOS
component and a lower amount of drying cracks (40+13 cracks/mm?)
(Fig. S2b), and provided an optimal amount of Ca(OH); to maintain a
high pH for alkaline catalysis of TEOS hydrolysis (see below).

2.4. Consolidation treatment

Weathered stone samples (blocks) were treated with (i) C, (ii) T, and
(iii) CT. Each of these treatments was applied to 3 cubic weathered stone
specimens (Fig. S3a-b). Note that 3 weathered samples were kept
without the application of any consolidation treatment (labeled as W) to
be compared to CO and treated samples. The lateral faces of each cubic
sample were sealed with parafilm to avoid the ingress of the product
(Fig. S3b) [38,39].

The treatment was applied to the cubic samples under laboratory
conditions (T ~ 20 °C and ~ 50% RH) by brushing only on one face,
which was placed vertically (i.e., the treated face, Fig. S3c). The
brushing was continued until the consolidant reached the opposite side
of the sample, achieving full saturation (typically after >40-60 strokes).
Product absorption was monitored during treatment application and the
application process was stopped when no further absorption was
observed (the weight increase reached asymptotic values, with a weight
variation <1% between successive measurements) (Fig. S3d). This
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application procedure has been successfully used in previous consoli-
dation treatments [12,40]. Samples were weighed before and right after
saturation, yielding a final average weight increase of 10+0.3, 12+0.3,
and 13+2.4% for the C, T and CT treatments, respectively. After treat-
ment application, samples were cured in a climate chamber for a period
of 8 weeks (T ~ 20 °C, RH ~ 60-70%; Fig. S3e). The two months curing
period was selected as a compromise between the time needed for hy-
drolysis and polycondensation of TEOS, and a practical time for further
testing and analysis. The untreated weathered specimens and the control
samples were also stored under the same conditions.

2.5. Consolidation effectiveness

Following the two-month curing in the climate chamber, the bio-
calcarenite cubes were dried to constant weight at 60 °C in a ventilated
oven and subsequently stored in a desiccator until further testing.

Changes in the surface appearance of the treated stone samples were
visually evaluated using an optical microscope (Wild M8, with 20x
objective). Any possible treatment-related color changes were deter-
mined with a spectrophotometer (Minolta CM508D Colorimeter) using
the CIEL*a*b* color space, illuminant D65, 10° observer, and 8 mm
diameter aperture [41]. Thirty readings were taken on different sample
areas. Total color variation (AE*) is calculated by the formula:

AE* — AL +Aa*2 +Ab*2 (1)

where AL* is the change in luminosity (white-black parameter), Aa*
(red-green parameters) and Ab* (blue-yellow parameters).

Differences in pore size distribution and open porosity were
measured by MIP. Tests were carried out on two samples collected from
the surface (up to a depth of 10 mm) of each of the treated samples and
compared to control and unconsolidated weathered samples. Two
additional samples were collected from the interior of the treated sam-
ples, one from the middle (between 10 and 20 mm depth from the sur-
face) and one from the bottom areas (between 20 mm to bottom) to
study the penetration of each of the treatments.

The “Scotch tape” or peeling test was used to evaluate changes in
surface cohesion upon consolidation according to ASTM D3359 [42],
also included elsewhere [43]. The test was carried out on treated,
weathered and control samples with a mean of 9 measurements for each
testing condition.

The increase in surface cohesion after treatment was also evaluated
by means of a portable Leeb hardness tester (PCE-2500 N, PCE In-
struments, Germany) [44,45]. For this test, the surface hardness Leeb
value (HLD), where D is the indenter type, was calculated as an average
of at least 15 points. Average HLD values were used to calculate dif-
ferences among testing conditions and compared to control samples.

An Instron 3345 equipment (Instron Co., Canton, US) was used to
determine variations in tensile and compressive strength upon consoli-
dation following EN 1015-11 [46]. Prismatic samples (30 x 9 x9 mm)
were prepared for mechanical testing. Nine prisms were cut from each of
the untreated and treated cubes, which were first cut in three equal-sized
slices (top, middle, bottom, the top slice corresponding to the treated
face), and then from each slice, three equal-sized prisms were cut using a
low-speed diamond saw (see schematic of the sample preparation/cut-
ting in Fig. S4). A load of 5000 N at 3 mm min ! was applied to at least 6
specimens per testing condition. First the tensile strength was deter-
mined using the three-point bending test, and the resulting two pieces
after fracturing were used for the uniaxial compressive test. Note,
however, that here we only discuss the results of the flexural strength
test, as the unconfined compressive strength (UCS) test yielded incon-
sistent results with a very large standard deviation, which precluded us
from gathering any meaningful conclusion regarding this mechanical
property. Indeed, it was observed that the weathered stone samples
showed higher UCS values (nearly double) than those of the unweath-
ered ones, which is unreasonable and casts doubts about the reliability
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of the results obtained for this test. This is likely due to possible
non-parallelism/excessive surface roughness of the tested specimens.
This is not apparently an issue in the case of the three-point bending
tests, as the contact area during testing is minimal.

A drilling resistance measurement system (DRMS, SINT-Technology,
Italy) was used to measure the variation in mechanical strength along a
depth profile and to estimate the penetration depth of consolidants [47,
48]. Tests were performed on treated and back faces of control,
weathered, and treated samples using a 5 mm diameter diamond-tip
drill bit, a rotation speed of 400 rpm, a penetration rate of
15 mm/min and a penetration depth of 30 mm. Drilling resistance (DR)
average values and standard deviation were calculated as the mean of 6
tests per treatment/specimen.

Strength improvement after treatment application was also evalu-
ated using UPV measurements, which is a non-destructive technique
that can be applied in situ. Measurements were carried out on three
samples per testing condition, following ASTM D2845 [37].

Water absorption coefficient (WAC) and capillary absorption (sorp-
tivity) curves were obtained according to EN 13755 on three control and
three treated samples per testing condition [49]. Upon completion of
this test, the samples’ open porosity was calculated following water
saturation under vacuum following ASTM C67-00 [50]. The samples’
drying behavior was calculated according to EN 16322 [51]. This testing
procedure is fully described elsewhere [52].

The water vapor permeability (WVT) was evaluated on treated
samples (@ = 2.5 cm and height = 1 cm) using the procedure described
in Charola et al. [52]. Cylindrical containers (@ = 2.5 cm and height =
7 cm) were filled with cotton wool and 5 mL saturated KNOg solution to
maintain 93% RH inside the container. The seal between the sample and
container was obtained using plasticine covered by Parafilm®. Samples
were kept in a desiccator with silica gel at <5% RH (room T). The weight
loss over time was measured at predetermined time intervals. From
these data, the WVT rate (WVTR) was determined as the mass change
per unit time and surface area of the stone samples (with 1 cm thick-
ness). The measurements were carried out on three samples per testing
condition.

To further evaluate the effectiveness of consolidation treatments and
possible surface hydrophobicity, the sessile drop method was applied to
determine the static contact angle of 4 pL water drops deposited on the
surface of the treated face and compared to control samples using an
OCA 15 EC equipment (Data Physics Instruments, Germany) following
UNE-EN 828 [53]. Average values are based on at least 3 measurements
per testing condition.

Textural and compositional characteristics of carbon-coated samples
(a cross-section per testing condition) were studied using field emission
scanning electron microscopy (FESEM, AURIGA, Carl Zeiss, Germany)
coupled with energy dispersive spectrometry (EDS, INCA-200, Oxford
Instruments, UK). Equipment settings: 3 kV acceleration voltage in
secondary electron imaging mode and 20 kV acceleration voltage for
EDS microanalysis.

To evaluate the long-term performance of T and CT treatments,
consolidated samples were subjected to the salt weathering test
described above. Evaluation using DR measurements was limited to T
and CT treatments because these showed a higher degree of consolida-
tion in terms of mechanical properties and porosity reduction than the
nanolime treatment, which had a very limited consolidation effect when
applied to this stone type (see Section 3).

Finally, to identify the possible formation of C-S-H in CT treatments,
analyses were performed involving the study of the spectral and ultra-
structural/compositional features of the reaction products formed after
curing of CT deposited on Petri dished and cured at room T (20° C) and
75% RH for at least one month. For this task, the cured CT solids were
ground in an agate mortar and subsequently analyzed by Fourier
transform infrared spectroscopy (FTIR, JASCO 6200 equipped with a
diamond-typed attenuated total reflectance, ATR unit, 400-4000 cm !
spectral range, and 4 cm™! spectral resolution), thermogravimetry
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coupled with differential scanning calorimetry (TG-DSC, Mettler-
Toledo, TGA/DSC1, analyses performed in 50 mL min~! flowing air,
using alumina crucibles, 20-40 mg sample mass and 10 K min ' heating
rate), and transmission electron microscopy (TEM, FEI Thalos, with
acceleration voltage of 200 kV, and equipped with a high angle annular
dark field detector, HAADF) coupled with energy dispersive X-ray
spectrometry (EDS) microanalysis. EDS point and area (2D) composi-
tional analyses were performed in scanning TEM mode (STEM). Prior to
TEM analysis the powder samples were dispersed in ethanol and soni-
cated for 2 min. The dispersed powder was fished with carbon-coated Cu
TEM grids, which were introduced in the TEM sample holder for anal-
ysis. XRD analysis of the CT product before and after thermal treatment
(heating for two hours at 950 °C) was also performed (using the
equipment and analytical protocol above described). The thermal
treatment was performed to disclose whether C-S-H was present in cured
CT,asin [11].

3. Results and discussion
3.1. Effect of the treatments on stone appearance

Fig. 1 shows representative optical microscopy images of the treated
samples’ surface. It is observed that salt weathering did not result in a
significant change in color, but the surface roughness increased as
compared with the unweathered control (Fig. 1a and b), and some large
pores (due to loss of surface material) developed. Rounding of the
samples edges and corners was also observed (Fig. S5). These observa-
tions show that the adopted ageing protocol was effective in inducing
damage. The nanolime treatment (C) led to a whitening effect (Fig. 1c),
despite the fact that right after treatment application excess surface
nanolime was removed with a wet cloth, as recommended by Lépez-
Martinez and Otero [54]. The other two treatments, TEOS (T) and
nanolime-TEOS (CT), produced no detectable changes in the surface
appearance (Fig. 1d and e). Color change after C treatment was even
more dramatic if the excess surface consolidant was not eliminated as
shown in Fig. le. These visual observations were confirmed by spec-
trophotometric measurements (Table 1). The TC treatment resulted in
AE* values < 3, which are not detectable by the human eye. The
treatment with T led to AE* values slightly over 3, but still below AE* =
5, which is considered the acceptable threshold for a consolidation
treatment [6]. Conversely, the C treatment resulted in AE* > 5, which is
not acceptable in heritage conservation. Such a significant color varia-
tion is due to a change in the L* (increased lightness) and b* (towards
more negative values, i.e., blue component) parameters. Note that the
surface accumulation of nanolime and associated color changes have
been observed after the application of this treatment on different porous
substrates and are generally related to back migration of the nanolime
particles during solvent (alcohol) evaporation [55,56].

3.2. Changes in porosity and pore size distribution

Table 2 shows the results of the MIP analysis of untreated and treated
samples. As indicated above, the salt weathering test led to an increase
in the stone porosity from ~29% up to ~32%. However, the large data
spread in measured porosity values precludes us from drawing any
sound conclusion on the effect of the salt weathering test in stone
porosity. Still, the observed increase in surface roughness (see above)
clearly points to material loss and creation of porosity on the weathered
stone surface, which underlines the effectiveness of such an ageing
process. Indeed, it enables obtaining in a rapid way stone samples
reflecting the damage they would have suffered in situ (i.e., in a monu-
ment) [57,58,59]. Note that several studies on the effectiveness of
consolidants typically use non-weathered quarry stones, which may not
be the best choice to evaluate the behavior of a consolidation treatment
in a real-case scenario [59]. The three treatments induced a marked
reduction in open porosity (i.e., accessible to Hg), from 31.7% (W) to
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Fig. 1. Microscope images of the untreated and consolidated samples’ surface. a) untreated control (CO); b) untreated control after salt weathering (W); c¢) sample
treated with nanolime (C). Removal of the surface excess consolidant right after treatment application (using a wet cloth) was performed; d) T; e) CT; and f) C

treatment without removal of surface residue.

Table 1

Chromatic alterations for treated samples as compared to the untreated control.
Treatment AL~ Aa* Ab* AE*
C* 3.94 -1.12 -6.50 7.68
T -3.04 0.88 1.66 3.57
CT -2.01 -0.41 -0.64 2.15

" Treatment involving removal of surface excess consolidant

Table 2

Open porosity of untreated and treated samples determined by mercury intru-
sion porosimetry and water absorption under vacuum (N=2) of samples taken
from the top, middle, and bottom.

MIP Water
Porosity (%) Average Std dev Average Std dev
co 29.1 +3.1 30.9 +1.5
\ 31.7 +2.0 29.9 +0.2
Ctop 25.6
Cmid 21.2 22.9 +2.4 29.8 +0.4
Cbot 21.8
Ttop 20.2
Tmid 18.2 18.3 +1.9 25.0 +0.3
Tbot 16.5
CTtop 22.1
CTmid 20.6 19.9 +2.6 28.4 +2.2
CTbot 17.1

18.3%, 22.8% and 19.9%, for T, C, and CT treatments, respectively,
values significantly lower than that of the unweathered control (29%).
Note that these values represent averages derived from samples taken at
three different depths. However, it is important to emphasize that while
the trend was similar, open porosity values determined for the treated
samples by water saturation under vacuum were higher than those ob-
tained by MIP (Table 2). The reason for this outcome is not fully clear,
although it could be argued that unlike water (under vacuum), our MIP
equipment (reaching only 207 MPa in the high-pressure cell) could not
fill the smallest pores in these samples (i.e., gel pores resulting from the
TEOS-based treatments) [60], therefore yielding lower open porosity
values. Note that previous studies of cement mortars and pastes also
observed lower porosity values for MIP as compared with water ab-
sorption due to the limitations of the former technique to reach meso

and micropores [61,62].

Consolidant accumulation along the top to bottom profile of the
samples, leading to variations in open porosity, was treatment-
dependent (Table 2 and Fig. 2): (i) samples treated with C presented
lower porosity in the top than in the middle and bottom areas, implying
treatment accumulation at the treated surface or near-surface, and
limited penetration (Fig. 2a). This is consistent with the observed color
change (see above) associated with surface accumulation of the nano-
lime consolidant due to back migration during solvent (ethanol) evap-
oration [55], one of the main handicaps of this consolidant [56].
Nonetheless, the reduction in porosity along the depth profile, reaching
values similar or lower than those of the unweathered control (CO)
shows that (a limited amount of) newly-formed CaCO3 was deposited
in-depth after carbonation of Ca(OH), nanoparticles [63,64,65]; (ii)
samples treated with T also showed lower porosity in the top part than in
the middle and bottom areas (Fig. 2b). In this case the porosity reduc-
tion, especially in the top part, was significant, implying that a large
volume of silica gel deposited/filled the pores; (iii) in contrast, samples
treated with CT showed a higher porosity reduction in the middle and,
specially, bottom areas (Fig. 2¢). This was unexpected and suggests that
the combination of nanolime and ethyl silicate favors penetration. In the
latter two cases, the volume of solids introduced/deposited within the
stone pores after treatment was higher than in the case of the nanolime
treatment. This is consistent with the fact that the mass % of TEOS per
unit vol of consolidant solution was higher (T treatment: 75 wt% in
ESTEL1000®; CT treatment; 56.3 wt% TEOS plus 0.63 wt% Ca(OH),)
than that of the nanolime dispersion (2.5 wt% in CaLoSiL®E25).

The biocalcarenite stone displayed an unimodal pore size distribu-
tion (PSD), with a maximum at ~40 pm. After treatment, partial filling
of pores with size < 20 pm occurred in all cases (Fig. 2). This is generally
observed after consolidation of porous stones [2,10,14,66]: i.e., the
smallest pores tend to be preferentially filled, and their vol% is therefore
reduced. This is considered a desirable effect of a consolidation treat-
ment [66], as the smallest pores (diameter < 1-5 pm) typically favor
weathering processes such as salt damage [67,68].

3.3. Surface strengthening

Peeling tape test results are shown in Table 3. Weathering resulted in
a significant increase in surface loss, further underlining the effective-
ness of the adopted ageing process. After treatment with C and T, the loss
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Table 3
Scotch tape test results (standard deviation included) for the surface of untreated
and treated surfaces.

Treatment Removed material (mg cm™2) Variation (%)
co 8.7 (1.89) -

w 33.6 (17.92) 286.20

C 13.3 (7.01) 52.71

T 8.9 (4.87) 2.02

CT 6.7 (2.58) -23.18

of surface material was reduced to values close to those of the un-
weathered control. Only in the case of the CT treatment the loss of
surface material was significantly reduced as compared with the un-
weathered control, indicating that this treatment was able to effectively

cement surface grains to a level slightly higher than that of the unde-
cayed material.

Fig. 3a shows the results of the Leeb surface hardness test, indicating
a large reduction in HLD values after the weathering tests and an in-
crease after treatment to values close to or above those of the un-
weathered stone. In the case of the C treatment, surface hardness
increased as compared with the weathered material, even though, the
final average HLD value was below that of the unweathered control. In
the case of the T treatment, the weathered stone regains the original
value of the unweathered material. Finally, an increase in surface
hardness of 10% as compared with the unweathered control is observed
after the CT treatment. These results are consistent with those of the
scotch tape test and corroborate that the CT treatment is the one that
provides the highest surface strengthening. However, a surface
strengthening effect per se is not a demonstration of treatment
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Fig. 3. Physical-mechanical properties of untreated and treated samples: a) Leeb surface hardness (HLD). The surface hardness was measured on the treated surface;
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effectiveness, as this effect could simply be due to the formation of a
hardened thin surface layer, which would be detrimental to the long-
term behavior of the treated substrate [69]. This is why it is necessary
to also evaluate the in-depth strengthening effect of consolidation
treatments, as shown in the following section.

3.4. Changes in mechanical properties

To evaluate the changes in dynamic mechanical properties of stone
samples following treatment, we performed Vp measurements. The re-
sults are presented in Fig. 3b. The Vp values of the weathered control
samples were slightly lower than those of the unweathered control. This
was unexpected, considering the surface degradation observed after the
weathering test. This could likely be due to both the heterogeneity of
this stone and the fact that salt damage during crystallization cycles
tends to concentrate on the surface and near surface areas of porous
stone samples, primarily resulting in granular disintegration and sand-
ing and/or scaling [67]. As such, the core of the sample would remain
rather unaffected by salt damage, explaining the very small reduction in
Vp experienced by the bulk stone. Conversely, all the treatments
increased Vp to values above those of the unweathered control, with T
showing the highest increase in Vp. However, the difference among T
and CT treated samples is not significant (i.e., within error).

Table 4 shows the values of flexural strength (FS) and uniaxial
compressive strength (UCS) of the untreated and treated stone samples.
As stated in the Materials and methods section, UCS values were
inconsistent and unreliable. Therefore, although they are reported in
Table 4 for completeness, they are not further discussed. Note that nine
prismatic pieces (3x0.9x0.9 cm) were extracted from each sample: 3
corresponding to the top, 3 to the middle and 3 to bottom part (Fig. S4),
which were subjected to mechanical testing. This, in addition to
obtaining an average bulk FS for each sample, enabled us to gather an
insight on the effect the penetration and distribution of the different
consolidants within the pore system of the stone has on the mechanical
properties of treated stones.

After weathering, samples presented slightly lower flexural strength
(0.59 MPa) as compared to the control (0.70 MPa) (Table 4 and Fig. 3c).
Weathered samples treated with C (0.72 MPa) were able to regain the FS
values of unweathered CO samples, whereas T and CT samples showed a
significant increase in average FS of up to 74% (1.22 MPa) and 57%
(1.10 MPa), respectively, as compared with the unweathered control. It
should be indicated that an increase in strength of >50% after treatment
is not recommended, as it might create an excessively hardened surface
layer [2]. In this respect, the T treatment seems to be less compatible
than the CT treatment in terms of strengthening. The large increase in
flexural strength achieved with the T treatment suggests that the treat-
ment did not only act as a pore filler, but likely established a strong
bonding with the silicate minerals (quartz and feldspar) present in the
stone. As to the effect of penetration on FS, samples treated with C

Table 4
Flexural strength (FS) of untreated and treated stone samples.
FS (MPa) std dev UCS (MPa) std dev

CO (bulk) 0.70 0.3 5.85 2.1
W (bulk) 0.59 0.3 10.2 6.7
C (bulk) 0.72 0.2 12.2 5.9
surface 0.81 0.1 10.11 5.0
middle 0.69 0.2 14.60 6.1
bottom 0.68 0.1 11.74 6.7
T (bulk) 1.22 0.4 6.2 2.4
surface 1.09 0.5 4.87 2.9
middle 0.97 0.2 7.31 3.0
bottom 1.48 0.3 6.46 1.3
CT (bulk) 1.10 0.3 8.8 5.6
surface 0.90 0.2 4.41 2.2
middle 1.24 0.5 8.92 5.2
bottom 1.16 0.2 12.99 9.3
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presented a slightly higher average strength of the surface layer,
whereas samples treated with CT showed a slightly higher strength in
the mid and bottom areas, in both cases consistent with MIP results, and
no clear trend was observed in the case of T-treated samples. Yet, in all
cases, the differences were within error, which precludes drawing any
sound conclusion about the change in FS with depth associated with
treatment penetration and the degree of cementation.

More conclusive evidence regarding treatment penetration and
associated strength variation along a depth profile was obtained with DR
tests (Fig. 3d-f). Samples treated with C presented a slight increase in DR
(average value along the depth profile of ~8.3 N) as compared with the
control (~5N), with a more marked increase at ~4 mm depth.
Conversely, samples treated with T (~12.6 N) and CT (~12.6 N) showed
a significant increase in DR all along the depth profile. In the case of the
CT treatment, DR values continuously increased along the depth profile,
reaching peak values higher than those of the samples treated with C or
T. The observed increase in DR with depth for the CT treatment is in full
agreement with MIP results and demonstrates that this treatment does
not result in a detrimental hardened surface layer.

3.5. Water behavior

Fig. 4a and 4b show the water absorption and drying curves,
respectively, of the untreated and treated samples. CO, W and C samples
absorbed water at a similar and very fast rate (WAC of 0.037
+0.004 g cm 2 S—o.s)’ and a similar volume (within error) at the end of
the test (after 7 days). This shows that the salt weathering aging or the
treatment with nanolime have no significant impact on the samples’
water behavior. Conversely, T and CT treatments drastically altered the
water absorption behavior of the stone. The T treatment resulted in a
very marked reduction of the water absorption rate during the first 34 h
(0.000440.0001 g cm™2 s7%%). Subsequently, the rate increased
(0.0020+0.0002 g cm 2 s7%%), reaching values of saturation lower but
close to those of the control (CO and W) after 7 days, a behavior pre-
viously observed following application of TEOS to porous stone and
caused by transient hydrophobicity due to incomplete hydrolysis of
ethoxide groups and further hydrolysis upon long-term contact with
water [1,12,70]. The initial very low water absorption rate could also be
due to pore clogging, yet MIP results show no drastic change in PSD
(Fig. 2b). The fact that the final water absorption in T-treated samples
reaches values very close to those of the control is apparently incon-
sistent with the observed porosity reduction after T treatment detected
with MIP. It should be noted, however, that the values of porosity of T
samples determined by forced water absorption under vacuum were
higher than those of MIP and approached the values of the control
(Table 2). Hence, it is likely that the delayed saturation is not solely due
to a change in contact angle following enhanced hydrolysis of TEOS as
claimed by Franzoni et al. [70], but also due to the difficulty of accessing
the smallest pores, that is, the gel pores (2-10 nm) present in the silica
gel formed after TEOS [71], which were eventually accessed by water
but not by Hg using our MIP equipment.

The change in the water absorption rate of CT-treated samples, from
a short initial period of fast absorption to a nearly constant low ab-
sorption rate (0.0063+0.0019 gcm’2 s7%5), not reaching saturation
over the time-span of the test (7 days), is likely due to the presence of a
fraction of not yet hydrolyzed TEOS in the interior of the samples [69]
and abundant nm-sized pores in the silica plus C-S-H gel (see following
section) formed after CT treatment. Note that the capillary absorption
rate or sorptivity (i.e., water flux within the pores) is proportional to
pore size [72]. This means that the water flux is reduced by the presence
of nanopores (i.e., gel pores).

It is important to underline that the sorptivity modifications brought
about by T and CT treatments do not negatively affect the drying
behavior of the samples (Fig. 4b). They reach a full dry state at the same
time as the control (weathered and unweathered) and the samples
treated with nanolime. This is considered a positive effect of all the
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Fig. 4. Water behavior of untreated and treated stone samples. a) Free water absorption; b) Drying; c) Static contact angle; d) Time evolution of the contact angle of
water drops deposited on stone samples treated with T and CT; e) Mass loss of samples subjected to the water vapor permeability test.

applied treatments [2,5].

To further understand the water behavior of the treated samples we
measured the static contact angle. Fig. 4c shows images of the 4 pL water
drops deposited on each substrate. In the case of the control (weathered
and unweathered) and C-treated samples showed a contact angle of ~0°,
meaning that the nanolime treatment did not seem to have affected the
hydrophilic nature of the substrate. Conversely, T and CT treatments
induced a marked increase in contact angle (up to 79° and 52°,
respectively). Yet, while in the case of T the contact angle of a drop
deposited on the sample surface remained unchanged over time, in the
case of CT, the contact angle dropped to ~0° after half a minute
(Fig. 4d), implying that the hydrophobic effect is less marked in the
latter case. These results are consistent with the observed water ab-
sorption coefficients for these samples, as the contact angle is a critical
parameter determining water sorptivity (i.e., the higher the contact
angle the lower the sorptivity) [72]. This TEOS-induced hydrophobic
effect is known to be transient [12,68]. However, we measured the
contact angle after immersion in water for 7 days, and the values we
obtained were almost unchanged (78.9° and 43.9° for T and CT,
respectively). This shows that the hydrophobic effect of TEOS-based
treatments can be relatively long-lasting. Franzoni et al. [70] report
that even after 7-month curing, TEOS still shows the presence of Si-O-C
bonds (detected by FTIR) of non-hydrolyzed ethoxy groups, which
impart hydrophobicity. This is evidence of a very slow curing for this
type of treatment, which may jeopardize its consolidation capacity,
especially at an early age. The fact that the contact angle is lower in the
case of CT could indicate that the hydrolysis of the TEOS component is
accelerated in the presence of Ca(OH),.

Finally, we measured the water vapor transmission (WVT) of un-
treated and treated samples (Fig. 4e). As expected, a reduction in WVT
rates (WVTR) was detected after the treatments. WVTR values for the
different samples were 7.78 x 1077,6.94x1077, 6.39x1077, 6.67x1077,

and 5.83x1077 g em 257! for CO, W, C, T, and CT, respectively. Re-
ductions in WVTR of 8%, 4%, and 16% as compared with the W control
were observed for the C, T, and CT treatments, respectively, which are
below the maximum acceptable reduction (<20%) for consolidation
treatments [2]. These results are consistent with the observed reduction
in porosity (i.e., results of MIP and water absorption under vacuum)
associated with the deposition of the consolidants in the pore system of
the stone. Yet, paths for water vapor flow through the stone were present
after treatment, ensuring that despite the observed reduction in WVTR,
the samples were sufficiently permeable for water vapor. This is a crit-
ical issue for any consolidation treatment [1,2], as an excessive reduc-
tion in WVTR is highly deleterious, especially in the case of salt damage,
thermal shock and/or frost damage situations [5].

3.6. Textural and microstructural features

FESEM-EDS analysis shows that CO samples display standard
textural features of a biocalcarenite, that is, a clastic sedimentary rock
(Fig. 5a). The microstructure was highly porous and grain supported,
with angular grains of quartz, feldspars and calcite, cemented by
microsparitic calcite and clay minerals. Note that due to their small
amounts, the clay minerals were not detected by XRD. The largest calcite
grains are bioclasts including mollusk shells and coccoliths. Following
the salt weathering test, cement around quartz, feldspars and calcite/
bioclast grains was partially lost, resulting in a porosity increase.

Samples treated with C showed intergranular deposits of newly
formed nanogranular calcium carbonate (calcite) generated by the re-
action of nanolime with carbon dioxide (Fig. 5b). Compared with the
control samples, the surface structure of the treated stone was denser
and nanolime-derived calcite cement accumulated in pores and valleys,
an effect which would contribute to the strengthening of the stone, yet
this effect was limited to the surface and near-surface of the samples.
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In T-treated samples, the gel formed after the reaction of TEOS and
the biocalcarenite substrate filled the intergranular pores of the
weathered stone creating a thick surface film that blanketed all grains
and pores (Fig. 5¢). Compared with C samples, the porosity reduction
was more obvious, and the reduction of macropores was particularly
marked. We also observed pervasive cracking of the silica gel film,
which as indicated above is one of the main drawbacks of this type of
treatment [7].

In CT samples, the consolidant filled the intergranular pores of the
stone (Fig. 5d). The consolidant cement displayed a gel-like structure,
and in some areas, drying cracks were observed. Apparently, in the case
of T and CT treatments, such drying cracks did not appear to negatively
affect their consolidation capacity, as shown by the above-described test
results demonstrating a significant strengthening effect in both cases.
However, we will see below that the more abundant cracks in T as
compared with CT (and the lack of bonding with the carbonate grains of
the former) jeopardize the durability of the T treatment.

3.7. Drilling resistance of treated stones subjected to salt weathering test

To evaluate the long-term performance of T and CT treatments,
treated samples were subjected to the salt weathering test (i.e., 15 cy-
cles, EN 12370) and their durability was assessed by DR. Only samples
treated with T and CT were considered as only those showed a signifi-
cant degree of consolidation in terms of physical-mechanical properties
and porosity reduction.

Fig. 6 shows the DR plots for samples treated with T and CT prior to
and after the salt weathering test (with CO as reference). Despite the
relatively high standard deviation, there was a clear reduction in DR
values of samples treated with T and subjected to weathering, with DR
values approaching those of the control. In contrast, samples treated
with CT showed no detectable reduction in DR values along the depth
profile after salt weathering as compared with unweathered samples.
Actually, there was a slight increase in DR after weathering all along the
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depth profile, which could be due to an increased level of hydrolysis and
polycondensation as these samples were tested after 4 months from
treatment application and were in contact with an aqueous saline so-
lution [70]; yet this increase was within error. It follows that the CT
treatment presents higher durability than the T treatment when sub-
jected to accelerated weathering, which proves its superior long-term
consolidation effectiveness. It is very likely that the reduced drying
cracks density, as well as the possible strong bonding between the
consolidant and the carbonate substrate brought about by the formation
of C-S-H in CT (see the following section), are key to explaining such an
excellent performance upon weathering.

3.8. Reaction of TEOS and Ca(OH); nanoparticles

To identify possible reaction mechanisms and products of the
alkoxysilane-Ca(OH); nanoparticle mixture, we cured the consolidants
(T and CT with 1:3 vol ratio) in petri dishes under laboratory conditions.
The resulting gels were aged for one month, and samples were collected
and ground prior to analysis. Fig. 7a and 7b show the FTIR spectra of the
reference T and CT, respectively. In both cases the following bands were
identified: the Si-O-Si asymmetric and symmetric stretching at
1036-1042 and 787-788 cm™!, respectively, the shoulder at
1154-1160 cm ™! corresponding to LO, vibrations, the Si-O stretching of
silanol (Si-OH) and Si-O groups at 951-968 cm_l, and the strong band at
410-411 ecm ™! corresponding to SiO4 tetrahedra. These bands are
standard for amorphous silica gel [26,73,74,75,76], but are also present
in C-S-H, although with different intensities: i.e., the most intense band
of C-S-H is the Si-O at 970 cm’l, corresponding to Q2 tetrahedra [77,78,
79]. Because the bands overlap, it is difficult to single out the contri-
bution of silica gel and C-S-H in the CT spectrum. However, the more
marked shoulder at 1194 cm™! corresponding to TO4 (i.e., Q* units in
highly polymerized silica gel) and the broad band at 559 cm™! corre-
sponding to the siloxane backbone/silicate rings in silica gel, were not
well-defined in CT sample. Conversely, a blue shift and broadening of

Fig. 5. FESEM images of samples before and after consolidation. a) CO sample; b) C sample; ¢) T sample. Note pervasive drying cracks all over the surface; d) CT
sample. Note drying cracks in some areas (upper right). Legend: Qtz, quartz; Fds, feldspar; Cc, calcite; Phy, phyllosilicates; Cc-new, calcite formed after Ca(OH),
carbonation; SiO»-gel, silica gel formed after TEOS; SiO,-gel+CSH, gel including silica and C-S-H formed after CT.
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Fig. 6. Drilling resistance (DR) of untreated (CO), treated (T and CT) and treated+weathered (TW and CTW) stone samples: a) T treatment; b) CT treatment.

the Si-O band from 951 cm™! in silica gel to 968 em ! in CT occurred, ~1400 cm ™}, corresponding to CaCO3 product of nanolime carbonation,
and additional small bands (585-664 cm 1) exclusive of C-S-H were were detected. This means that all calcium in the nanolime reacted with
observed in CT but not in the silica gel formed after TEOS. These results TEOS (at highly alkaline conditions) to yield a new phase, i.e., C-S-H.
suggest that C-S-H (along with silica gel) formed in the case of CT. Considering that the Ca/Si mole fraction in CT is 0.04, this means that
However, the most compelling evidence for the formation of C-S-H in CT full consumption of Ca(OH); will lead to 4 mol% C-S-H (and 96 mol%
samples is the fact that neither the OH stretching band at 3640 cm™! of silica gel) in the final CT product (assuming a Ca/Si mole ratio of 1 in
Ca(OH);, (i.e., unreacted nanolime), nor the strong carbonate bands at standard C-S-H). Note that a classical route for the production of C-S-H is
8 0B b 048 05
- Si-0-Si ‘
/‘lg‘ 5 _ 04F  04f £
0.4F - BE s T 2
04(3 =P8 § 8 8 g |
e &/ \ R 2 | 2 o2f g
@ 02rEE E & \/\ /)\f ‘ » T3 %
= e~ o 7 St o 5 S
< =y <0 g2/
52 5 i
02f -001= L L 007 I L
1500 1000 500 400 / 1500 1000 500 400
Wavenumber [cm-1] | Wavenumber [cm-1]
Va(C-H) | Va(C-H)
- WIOH) -1y soH) | 0 v(OH)* JWACH) 5(0H)
L L . ; . | - | .
-0.01 : . * = : ; : -0.06
4000 3000 2000 1000 400 4000 3000 2000 1000 400
Wavenumber [cm-1] Wavenumber [cm-1]
c 4000 -
. 3000 -
3
&
2 2000 A
‘®
c
2
< 1000 A
O T T
0 10 20 30

°28 (CuKa)

Fig. 7. Characterization of TEOS and the reaction product of TEOS and nanolime mixtures. FTIR spectra of (a) T and (b) CT products. Insets show an enlarged section
of the spectra; (c) XRD patterns of T and CT before and after thermal treatment (2 h at 950 °C). Legend: Qtz, quartz, CS, calcium silicate (CaSiO3); W, B-wollastonite;
(d) TG-DSC of pure TEOS product (blue curves) and CT product (red curves). Solid curves: TG traces; dashed curves: DSC traces.

10



J. He et al.

the reaction in solution of CaO/Ca(OH), with amorphous or soluble
silica [80,81]. Moreover, it is known that the application of TEOS on
hardened cement consumes Ca(OH); (a major phase in Portland cement)
leading to the formation of C-S-H [27,82], as also does the reaction of
TEOS with Ca(OH), solutions [83,84], nanolimes [25], and Ca(OH),
pastes [26]. Finally, the C-H stretching bands of CHy and CHg groups at
2800-2900 cm ™! were still present in both T and CT products, showing
that the hydrolysis reaction of ethoxy groups was not complete (after
one month) and/or some ethanol got trapped/adsorbed within the gel
matrix [26].

XRD analyses showed that both T and CT products are amorphous
(Fig. 7c). This is consistent with the formation of silica gel in both cases,
as well as additional amorphous C-S-H in the latter case. The fact that we
observe no Bragg peaks of portlandite or any CaCO3 polymorphs agrees
with the FTIR results and confirms that all calcium in the nanolime has
been consumed to form a new amorphous phase (i.e., C-S-H). Interest-
ingly, the XRD pattern of both T and CT products showed the standard
hump at ~20-30 °26 of silica gel [11], plus an additional hump at a
lower angle (~7-12 °20). Note that metal alkoxides (e.g., calcium alk-
oxides) typically have a planar structure (CdI»-type core geometry) with
basal dyg;-spacing of ~8-10 10\, corresponding to ~9-11 °20 [64,85]. It
is thus likely that this low-angle hump corresponds to a poorly crystal-
line or nearly amorphous (but with a defined short-range order) pre-
cursor silicon alkoxide. This is consistent with the fact that full
hydrolysis was not achieved after one month of curing. To further
disclose whether C-S-H formed in CT upon curing, both T and CT solids
were heated at 950 °C for 2 h in an electric furnace (air-ventilated) and
subsequently analyzed by XRD [11]. As expected, no crystalline phase
formed in the case of thermally treated T. Conversely, quartz plus two
calcium silicate phases (f-wollastonite, ICDD card # 84-654 and un-
named CaSiOs, ICDD card # 89-6463) formed in the case of thermally
treated CT (Fig. 7c). The formation of crystalline calcium silicate phases
upon thermal treatment of C-S-H has been reported [11,86], demon-
strating that such an amorphous C-S-H phase was indeed present in the
CT solid product. The formation of quartz in the case of CT is likely due
to the fluxing effect of the calcium phases present, enabling partial
melting of the mixture followed by crystallization of quartz. Interest-
ingly, both thermally treated T and CT samples no longer show the hump
at 7-12 °26, which is consistent with the thermal decomposition of the
alkoxide precursor (see TG-DSC results below).

TG-DSC analyses of T and CT products provided further evidence for
the formation of C-S-H after CT curing (Fig. 7d). TEOS-derived solids
showed a first mass loss of 3 wt% at 25-203 °C, a second of 29 wt% at
203-350 °C, and a third of 5 wt% at 350-600 °C. According to Zarzuela
et al. [26], the first two correspond to the evaporation of reaction
byproducts (H,O and EtOH) physisorbed on the surface or trapped in the
gel pores, and the last one to oxidative decomposition (combustion) of
non-hydrolyzed ethoxy groups from precursor TEOS. While the first
weight loss corresponds to an endothermic band, consistent with an
evaporation event, the last two weight losses are associated with two
marked exothermic peaks. The higher T exothermic peak is consistent
with a combustion process (thermal decomposition of ethoxy groups), as
indicated by Zarzuela et al. [26]. However, the first and most intense
exothermic peak is not consistent with the evaporation/desorption
event proposed by Zarzuela et al. [26], which should be endothermic. It
is more likely that the main exothermic peak in TEOS-derived dried gels
at 275-400 °C is due to the combustion of organic carbon (ethanol) as
indicated by Brinker et al. [87]. Conversely, the dry product of CT sol-gel
transition shows a nearly continuous weight loss from room T up to 900
°C, with a total weight loss lower than that of the TEOS product (30 vs
38 wt%). This is consistent with the presence of C-S-H along with silica
gel. Garbev et al. [86] reported that after an initial weight loss due to
vaporization of adsorbed water at T < 200 °C, C-S-H shows a nearly
continuous, monotonically decreasing weight loss associated with loss of
structural water and dehydroxylation of silanol groups (at the highest T)
resulting in the final formation of p-wollastonite, as observed here. We
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also observed a small and broad exothermic band at 260-450 °C due to
the combustion of carbon, reflecting the presence of adsorbed/trapped
ethanol, and unhydrolyzed ethoxy groups.

Further conclusive evidence for the formation of C-S-H (along with
silica gel) was provided by TEM-EDS analysis of the CT product (Fig. 8).
We observed gel-like aggregates made up of fibrous- and/or lath-like
and granular nanosized precipitates, which were amorphous as shown
by the diffuse rings in their SAED pattern (Fig. 8a-c). HAADF imaging
and corresponding EDS elemental analysis showed that such precipitates
include Ca and Si, along with O (Fig. 8d). Point EDS analysis revealed
that some of the amorphous aggregates were Si-rich (nanogranular
precipitates) whereas others included similar contents of Ca and Si
(fibrous- or lath-like precipitates) (Fig. S6), consistent with the presence
of amorphous silica and Type-I C-S-H (which typically displays a
fibrous/lath-like habit) [88,89].

Altogether, these spectroscopic, textural/structural, and composi-
tional results confirm the formation of both silica gel and C-S-H as the
cementing end-products of our CT consolidant.

It has been proposed that the reaction of TEOS and Ca(OH), (the
latter dosed as solid or as a saturated solution) resulting in the formation
of C-S-H is a pozzolanic reaction [11,25,83,84]. Egs. (3) and (4) present
a plausible overall two-step mechanism for the pozzolanic reaction be-
tween Ca(OH), and silica (gel) formed after TEOS [25,82,90]:

Si(OC,Hs)4 + 2H,0 — SiO; + 4C,HsOH 3)

nCa(OH), + SiO; + mH;0 — nCaOeSiOze(n+m)H,0 4

However, this set of reactions, which could play a role in the case of
nanosilica or TEOS applied to set cement (where portlandite is already
present) [11,82], seems to be an oversimplification in the case of the
reaction of TEOS and nanolime in our studied CT system. The above
mechanistic model implies that the pozzolanic reaction (Eq. 4) would
take place upon completion of TEOS hydrolysis and polycondensation
resulting in the formation of silica gel. Then, the alkaline dissolution of
silica gel would result in the precipitation of C-S-H. But TEOS sol-gel
reactions are very slow (several days to weeks, or even months) [7,15,
70,84]. This would enable the Ca(OH); nanoparticles in CT to react with
atmospheric CO5 and fully carbonate, as they do so in a few days [63].
The latter would prevent the development of any pozzolanic reaction.
However, we observed no carbonate phases forming upon curing of CT.
It is thus much more likely that Ca®* ions from Ca(OH),, dissolution
(enabled by humidity) directly reacted with the product of the alkaline
(catalyzed) hydrolysis of TEOS (taking place in the presence of H20, plus
OH' supplied by the dissolution of nanolime particles). This way, silanol
groups (Si-OH) would directly react with calcium ions forming Si-O-Ca
bonds, thus enabling the formation of the C-S-H phase. This agrees
with previous research which proposes direct alkaline cleavage of
oligomeric TEOS and direct bonding of reactive silanol with Ca®* from
portlandite to form C-S-H [26,91]. The proton released upon silanol
cleavage would in turn react with a hydroxyl group forming a water
molecule. The Hy0 product would further contribute to the progress of
(alkaline) TEOS hydrolysis and the formation of C-S-H. In this case, the
assumed pozzolanic reaction between TEOS and Ca(OH); (nano)parti-
cles [11,25,84], will not be at work. Considering that (reactive) silica
dissolution is the rate-determining step of a pozzolanic reaction,
bypassing this step by the direct reaction of hydrolyzed TEOS with
calcium ions at highly alkaline pH, speeds up the formation of C-S-H
[83], which is relevant for an effective consolidation treatment.

3.9. Implications of C-S-H formation upon CT treatment

The fact that the treatment with CT results in the formation of C-S-H
(along with silica gel) has important implications. It explains the supe-
rior performance and durability in terms of strength improvement with
no negative side effects of CT in the case of biocalcarenite stone. First, C-
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Fig. 8. TEM analysis of CT products. a) Bright field image of porous fibrous and lath-like aggregates; b) SAED pattern of the yellow circled area in (a) showing diffuse
rings indicative of an amorphous phase; c) Bright filed image of an aggregate of amorphous gel made up of fibrous and lath-like precipitates; d) HAADF image of the
area shown in (c). Note the porous nature of the gel (most visible on the left); EDS Si map (e) and Ca map (f) of the area in (d).

S-H formation as fibrous or lath-like nanoparticles can help limit drying
shrinkage of the silica gel and the associated cracking, in a similar
fashion as the addition of a range of nanoparticles (e.g., SiO2, TiO3) to
TEOS [16,92]. As a result, the loss of cohesion and cementing capacity of
silica gel is minimized. However, it is not fully prevented, as we
observed some drying cracks in cured CT products and the CT-treated
stones. Further research should focus on the reduction of drying crack
development upon CT curing, for instance using surface active agents
[10] and/or additional nanoparticles (i.e., either inert SiO2 or
photo-active TiO5 or ZnO) [92]. Second, in contrast to silica gel that does
not establish bonds with carbonate substrates [7], C-S-H has a strong
bonding capacity with carbonate substrates (e.g., limestone aggregate),
even stronger than that achieved with silicate substrates (e.g., siliceous
aggregate) [93]. As indicated by Ouyang et al. [93], this is due to the
capacity of CaCOs substrates to strongly bond Ca?" ions, which can, in
turn, bond via strong covalent bonding to the tobermorite-like lamellae
of C-S-H. This is consistent with the observation that C-S-H heteroge-
neously nucleates on calcite [94], demonstrating the chemo-structural
affinity between the two phases. It follows that C-S-H does not only
act as a coupling agent between silica gel and the carbonate substrate as
previously assumed [22], but rather by establishing such strong bonding
that directly contributes to the observed strengthening and long-lasting
performance upon application to the biocalcarenite stone. Third, despite
the assumed catalytic action that a strong base such as Ca(OH); should
have on the hydrolysis and polycondensation of TEOS, viscosity does not
seem to be significantly altered, enabling deep penetration of the CT
consolidant. This could be due to the fact that upon hydrolysis of TEOS,
Ca?" ions hamper silica gel polycondensation by bonding siloxane units
and forming discrete nanoparticles of C-S-H, thus delaying viscosity
increase and densification during the sol-gel transition. We have to also
note that the 1:3 mixture in the CT consolidant results in a 25% dilution
of the TEOS component, which could also favor penetration. Altogether,
these effects help explaining the MIP and DR results showing
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accumulation of the CT consolidant in depth, leading to increased DR, an
effect that to our knowledge has never been reported for TEOS. Yet
further research on the kinetics of hydrolysis/polycondensation of
TEOS-nanolime mixtures and their rheology evolution is necessary to
validate the above hypothesis. Fourth, it is important to note that the CT
treatment maintained its effectiveness in terms of DR even after 15 salt
weathering cycles and outperformed the T treatment, which failed to
provide satisfactory long-term durability. Fifth, as compared with
nanolime, the newly formed C-S-H cement is stronger than CaCOs
cement formed after carbonation of nanolime wihout the risk of back
migration as often observed in the case of nanolime. As a result, an
effective in-depth consolidation is achieved with the CT treatment,
whereas the nanolime treatment only results in a very limited surface
consolidation. However, we must note that in our tests only one com-
plete nanolime treatment (until saturation) was applied. It is likely that
better performance would be achieved if the nanolime treatment were
applied several times [65]. Sixth, because the release of ethanol after CT
curing (as occurs with TEOS) is very slow, the treatment retains
surface-adsorbed ethoxy/ethyl groups for a long time, which imparts a
certain degree of hydrophobicity (as shown by the contact angle mea-
surements and the water absorption behavior), leading to a transient
protective effect. Yet the treatment neither blocks/plugs the pores nor
reduces significantly the water vapor transmission, and achieves optimal
strengthening.

Finally, we want to stress the fact that in our selected 1:3 nanolime:
TEOS mixture, the Ca/Si mole ratio was very low (0.04), which ensured
that there was an excess of Si to combine with Ca to form C-S-H. Such an
excess of Si explains why all Ca available was consumed in the formation
of C-S-H, not just in the case of the 1:3 formulation, but also in all
preliminary tested mixes, from 1:4 up to 4:1 vol:vol C:T, as shown by our
FTIR analyses (Fig. 7b; Fig. S2c). Note, however, that there is room to
increase the Ca content in the mixtures (by adding more concentrated
nanolime dispersions to TEOS) as to increase the amount of C-S-H
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formed upon reaction, an aspect that can be exploited for producing
thicker and stronger cementing formulations for a range of applications
(e.g., putties or injection grouts for re-aggregation and filling fractures,
or pure calcium silicate cements). In any case, here we demonstrate that
the formation of just 4 mol% C-S-H in silica gel after CT curing, is
enough to bright about the beneficial effects above described when this
treatment is applied on porous calcareous stone, with no side effects
indicative of incompatibility issues.

4. Conclusions

Our results show that the combination of nanolime and TEOS in a
1:3 vol ratio results in a promising strategy for the consolidation of
carbonate stones that overcomes the main limitations of both individual
consolidants, while showing no detrimental side effects. The improve-
ments achieved by our CT treatment are manifold. The CT treatment
results in negligible changes in stone appearance, provoking the lowest
color change of all consolidation treatments. Based on porosity and DR
results, comparable or even higher penetration than TEOS is achieved,
while avoiding the risk of back migration as observed for nanolime.
Furthermore, CT was not only most effective in reestablishing surface
cohesion and improving surface hardness, as revealed by the peeling and
HLD tests, but also resulted in higher mechanical strength of the stone as
demonstrated by the Vp, tensile strength, and DR results. None of the
treatments under study here had any negative effect on the water
behavior (absorption and drying) and water vapor permeability of the
treated stone. Nonetheless, the TEOS-based treatments (T and CT)
impart a certain (transient) hydrophobicity due to the incomplete hy-
drolysis of ethoxy groups, without, however, jeopardizing treatment
performance. Importantly and in stark contrast to TEOS-treated bio-
calcarenite, the CT-consolidated stone does not suffer any reduction in
DR along the depth profile after the accelerated ageing test, proving its
long-term durability.

Our results show that the optimal consolidation efficacy and dura-
bility achieved by the CT treatment applied to a porous calcareous stone
is due to the formation of a C-S-H gel. The evidence for the formation of
C-S-H upon interaction of nanolime and TEOS in the CT treatment is
multiple, as shown by the FTIR, XRD, TG-DSC and TEM-EDS analyses of
CT product after curing and thermal treatment. C-S-H formation occurs
by direct reaction between Ca®" ions and Si-OH groups, resulting in Si-
0-Ca bond formation, and not involving a pozzolanic reaction between
Ca(OH), and silica gel, as commonly assumed. For this reaction to take
place at an optimal rate and yield, the high surface area to volume ratio
of nanolime is of outmost importance, ensuring high reactivity and fast
dissolution to provide adequate release of Ca?>" and OH" ions for C-S-H
formation. The formation of C-S-H in CT reduces drying cracks devel-
opment and enables strong bonding between the cementing product
(amorphous silica gel plus the C-S-H gel) and the carbonate substrate.
Importantly, the presence of Ca2*" ions is not only crucial for the for-
mation of C-S-H, but also to prevent early polymerization, thereby
delaying the increase in viscosity associated with the sol-gel transition.
The latter explains why the CT treatment has a better penetration than
TEOS.

Altogether, our results demonstrate that the combination of nano-
lime and TEOS is a highly promising strategy for the design and appli-
cation of more effective consolidants for calcareous stones and,
potentially, other calcareous building materials. Further research should
be performed to evaluate other possible mixing ratios of these two
products for different applications. The fact that drying cracks still form
in the case of CT-cured products makes it necessary to explore possible
formulations aimed at reducing such an effect, for instance using sur-
factants and/or additional nanoparticles. Finally, (small scale) field tests
should be performed to further gauge the effectiveness of CT treatments
for the consolidation of calcareous stones.
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