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and the experimental methodology are more thoroughly described in
Weiss et al.31

■ RESULTS AND DISCUSSION
Proper consolidating action of nanoparticles within a porous
stone matrix requires their twofold behavior: initially, the
solvent-dispersed nanoparticles should interact poorly with the
mineral matrix while injected into stone’s pore space to allow
proper penetration depths and to limit possible pore clogging;
however, at later stages, when the solvent evaporates, the
nanoparticles should adhere strongly to the solid matrix walls
and to each other to provide lasting cohesion. We thus first
investigated how the water-dispersed nanosilica particles bind
to smooth mica surfaces, which comprise confining mineral
walls in our model system.

Figure 2a shows standard SFA force measurements between
two mica surfaces, fully immersed in colloidal silica nano-
particle suspensions (SiO2-NP) with a varying initial silica
concentration. For each pair of mica surfaces, we first
measured reference forces in pure Milli-Q water (ionic
strength of ∼5 × 10−5 M; ref 37). As expected, we observed

weak, longer-ranged electrical double layer (EDL) repulsion
(Debye length, κ−1 = 43 nm) dominated by van der Waals
(vdW) attractive forces at smaller separations, as evident from
a small jump-in on approach and a larger adhesive jump-out on
retraction.34 The expected magnitude of these DLVO16 forces
in water is sketched in Figure 2a (see the DLVO fitting
parameters in the Supporting Information). We then injected
SiO2-NP, in the order of increasing NP concentration.
Adhesion was still preserved at the lowest 6 wt %
concentration for all NP sizes, as shown in Figure 2a for the
TM SiO2 particles (ϕ ∼ 26 nm) and in Figure S1 for the other
particle sizes. Here for TM NPs, in contrast to the forces
measured in water, a significant non-DLVO exponential
repulsive force during the approach appeared before the
attractive jump-in event. We attribute this repulsion to the
progressive removal of silica nanoparticles from between two
mica surfaces upon the increasing confinement. This structural
repulsion is in agreement with the oscillatory depletion force
originating from a layerwise expulsion of nanoparticles from
the contact region, which was previously observed across
confined nanoparticle suspensions in colloidal-probe AFM.38,39

Because of the different geometry and sensitivity of our SFA
setup, we do not resolve such oscillations, which are detectable
below 1 mN/m. In the case of the lowest concentration (6 wt
%) of the largest Ludox TM particles, we did not observe any
shift of the hard wall contact position with respect to that
measured in pure water. This points to the complete removal
of silica NPs from the confined zone upon loading and no NP
adsorption onto mica within the contact region between two
mica surfaces (Figure 2a,b). The existence of this NP-free
depletion layer in the confined region between two mica
surfaces (in agreement with the electrostatic repulsion between
negatively charged silica and mica) may enhance the attractive
forces between micas across NP suspensions with respect to
pure water due to the depletion attraction effect.38 Smaller
Ludox HS (ϕ ∼ 16 nm) and SM (ϕ ∼ 10 nm) particles already
showed a minor shift in hard wall position of <5 nm even at
the lowest 6 wt % concentration, which suggests their very
minor adsorption on mica. In these force measurements with
the hard wall shift present, the depletion force was not
detected. Note that in SFA the shift of the hard wall may
appear smaller than the average particle diameter if the surface
density of particles is below the lateral resolution of SFA (i.e.,
the average hard wall position between particle covered and
clean areas is measured).

At higher particle concentrations, we observed more
significant shifts in hard wall contact separation. Figure 2b
shows that the maximum shift in hard wall position at SiO2-NP
concentrations between 8 and 12 wt % was generally in the
range of ∼20 nm for different silica NPs (apart from 12 wt %
Ludox TM with a 45 nm shift). This, along with the contact
shape outlined by the interferometric FECO fringes40 (see
FECO insets in Figure 2b), indicates that the silica
nanoparticles did not adhere uniformly onto mica but
adsorbed in low quantities and in a discontinuous fashion.
The total shift of ∼20 nm (for two opposing mica surfaces
together) shows that the adsorbed NPs rarely exceeded a
monolayer thickness on a single mica surface within the
contact region. Such discontinuous silica adsorption on mica
gave rise to similar hard wall positions measured for silica NPs
with different sizes, especially at their lower concentrations. In
addition, above 8 wt % concentration of SiO2-NPs, we now
only measured purely repulsive forces both on approach and

Figure 2. (a) Forces measured between two mica surfaces, fully
immersed in Ludox TM SiO2-NP suspensions with different silica
concentrations, or in Milli-Q water (H2O). We first measured forces
in H2O and subsequently injected silica suspensions in the order of
their increasing concentration. All forces were measured in the same
contact area. A DLVO fit for H2O is shown for reference (see the
fitting parameters in the Supporting Information). (b) Shift of hard
wall position as a function of initial concentration of nanosilica
suspensions for Ludox TM, HS, and SM SiO2 nanoparticles extracted
from the force measurements between two mica surfaces shown in
(a). The insets show FECO fringes corresponding to the measured
hard wall contact separations for mica surfaces in water or in 10 wt %
Ludox TM suspension (the yellow dashed line marks the initial hard
wall position in water). The observed shift in the FECO position
corresponds to deposition of silica onto mica surfaces.
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shadowing and reflection effects from the solid substrates, no
anisotropy of the scattering patterns could be detected. Thus,
our data indicate the formation of isotropic silica glass. It is
however important to note here that the microstructures of the
dried silica glass could have been to some extent affected by
the presence of shear and may differ from microstructures
obtained in the absence of shear.

Given the high cohesion provided to two opposing mica
surfaces by the dried and aggregated, glass-forming, amorphous
silica nanoparticles, we then measured the mechanical (tensile)
strength of dried silica bridges by performing “breaking force”
experiments. Figure 4a shows a schematic representation of
our SFA setup used to measure the breaking force (Figure 4e).
As in friction force experiments, the injected droplet of
nanosilica suspension is held between two mica surfaces
mounted in crossed-cylindrical geometry by capillary forces.
The droplet dries, undergoes densification, and shrinks, pulling
the two surfaces together (see FECO interferometric, top-
ography-sensitive pattern of a dried flattened contact between
two mica surfaces in Figure 4b and force signal showing a
sudden decrease in the measured force in Figure 4e). During
droplet evaporation, the drying front moves toward the center
of the contact between the mica surfaces, concentrating the
majority of the silica NPs around the contact in a form of
disconnected islands that bridge two mica surfaces together
(see Figure 4c and Figure S4). The irregular bridges formed by
dried SiO2 concentrate around the contact region. Because of
the applied load and the additional capillary pull, there is very
little material in the very center of the spherical contact region
(of ≈100 μm, where the distance between the surfaces is the
smallest; less than a few nanometers). Despite extensive
cracking upon drying,26 the dried silica nanoparticles form very
strong bridges that keep the mica surfaces together (Figure
4d). We then break these bridges by separating the
consolidated mica surfaces at a high constant velocity. This
tensile test causes the force signal to decrease linearly until the
breaking event occurs: the surfaces suddenly separate, and the
force immediately jumps back to the initial level (Figure 4e).
The difference between the minimum measured force before
the breaking event and the force level after breaking lets us

quantify the consolidation strength (in a uniaxial tensile test)
termed the “breaking force”.

Figure 5 shows the results of breaking experiments with
breaking force studied as a function of initial silica nanoparticle
concentration (panel a) or as a function of silica nanoparticle
average diameter (panel b). Despite a quite complex
arrangement of the irregular islands formed by the dried NPs
around the contact region (see Figure S4), both parameters
influenced the magnitude of the measured tensile strength of
contacts in a reproducible manner. Figure 5a shows that the
breaking force increased with the increasing initial concen-
tration of silica nanoparticles, apart from the highest 16 wt %
concentration. Such larger mechanical strength of contacts at
higher SiO2 concentrations can be simply linked with a larger
surface area of the dried silica bridge regions due to a higher
amount of the SiO2-NP material. The change in this trend at
the highest 16 wt % SiO2-NP concentration points to a
possible change in the aggregation kinetics and the resultant
silica bridge distribution: because of the higher NP density,
silica may aggregate faster, leading to clustering and less
material reaching the most confined regions. Thus, the
bridging becomes less effective as the bridges have to be
longer at higher surface separations. Faster aggregation kinetics
has been previously demonstrated for concentrated silica
nanoparticle suspensions.46 In addition, the drop in mechanical
strength at the highest concentration may be related to
changes in the packing fractions and coordination number of
the nanoparticles within the bridge volume, yielding final
bridge structures with lower densities. A decisive influence of
the initial aggregation kinetics on the final microstructure of
the dried silica has been underlined in recent self-assembly
experiments of Ludox SiO2-NP on flat, unconfined surfaces by
Lesaine et al.45

The size of nanosilica particles had a much more significant
influence on the measured breaking force, with the smallest
NPs yielding much stronger (by 1 order of magnitude)
consolidated contacts than the largest ones as plotted in Figure
5b. The apparent dependence of the breaking force on the
particle size (at the same initial SiO2 concentration) is related
to the microstructure of nanoparticle aggregates and the
cohesive forces acting between the individual NPs. For smaller

Figure 5. Breaking force measurements as a function of (a) silica particle diameter ϕ at a fixed initial concentration of 6 wt % and (b) initial
concentrations of nanosilica suspensions for SiO2 nanoparticles with ≈26 nm. The breaking force (N/m) was normalized with the radius of
curvature of the cylindrical confining walls. The data plotted in magenta show experiments for the same particles with ≈26 nm and 6 wt %
concentration. (c) Simplified 2D modeling of a number of cohesive bonds between randomly packed circles as a function of circle radius within a
given fixed surface area.
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nanoparticles displayed robust consolidating properties, stone-
specific studies concerning the compatibility and durability
must be done before applying the nanoconsolidant-based
treatments to a given monumental stone.
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