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Historical monuments, outdoor stone sculptures and artworks made of porous materials are ex-
posed to chemical and physical degradations over time. Presently, the most promising route for
consolidation of weakened porous materials is the injection of viscoelastic solutions of polymerizing
compounds. Those compounds, after injection, undergo a sol-gel transition inside the porous media
through evaporation of the solvent. Finding a suitable gelifying solution as a consolidant calls for
understanding the drying kinetics of viscoelastic fluids in porous media. Here, we present a mul-
tiscale study of the drying kinetics of fluids during the sol-gel transition in porous materials using
NMR and X-ray microtomography techniques. We find that from the early stage of the drying,
a heterogeneous desaturation develops and advances from the free surface of evaporation towards
the inner parts of the stone. We identify different drying periods which appear to be dependent
on the intrinsic properties of the porous medium influencing strongly the homogeneity of the final
gel distribution within a treated stone. Our findings not only are relevant for the consolidation
of porous artworks but also for civil and soil engineering processes where the fluids considered are
generally more complex than water.

I. INTRODUCTION

Artworks (such as sculptures, statues, frescos or
tiles) made of porous materials (sandstone, carbonate
stone, terracotta and clays) are frequently exposed to
environmental fluctuations, i.e. changes in relative
humidity and temperature leading to freeze-thaw [1, 2],
salt crystallization and swelling/deswelling [3–7]. These
effects are widely accepted to be the main causes of
the long-term material degradation of stone artworks
located either indoors or outdoors [3, 4, 8, 9]. Indeed,
they reduce the cohesion of the granular matrix and
consequently the mechanical integrity of the object
which manifest itself in the form of flaking of the surface
layers, powdering and granular disintegration [10, 11].
To preserve this weakened materials, consolidation
treatments are therefore necessary. In most of the cases,
decisions to intervene are made based on the experience
of the conservation scientists by employing a limited
array of consolidating and protective treatments.

Fluids undergoing a sol-gel transition are often used
to consolidate mechanically weakened materials [12, 13].
They are injected in the porous network of the materi-
als and after the capillary impregnation, consolidation
occurs with the solvent evaporation followed by chemical
reactions leading to the formation of films of a new mate-
rial adhering to the grains of the porous network and re-
inforcing their cohesion. The starting sol is a Newtonian
liquid which with solvent evaporation and condensation
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reactions is converted into a viscoplastic material. This
is characterized by an abrupt increase of the viscosity
and the formation of a gel network. Gels obtained from
tetraethoxysilane (TEOS) as precursor are commonly to
reinforce sandstones artworks as they can effectively bond
to the silicate group of the stone (quartzic) due to their
chemical affinities [12–15]. Nevertheless, TEOS gels have
also been reported to crack due to the strong capillary
stresses which can develops during the evaporation of the
solvent making the final treatment inefficient [16, 17]. To
get around this problem and reduce the capillary stresses,
surfactants [18] or silica nanoparticles have been pro-
posed as additives to the TEOS suspension [19, 20].

Generally, an “ideal” consolidation treatment should
improve the mechanical resistance of the porous objects
with minimal changes of their other properties such as
appearance, porosity or permeability. A homogeneous
distribution of the treatment is also important as fragile
materials usually break at their weakest points. In order
to ensure homogeneity, the dynamics of evaporation
and gelation in the confined porous network should be
studied. Although the physics of the evaporation of
various Newtonian fluids in porous media (suspended
particles [21–24], salt solutions [25–27], etc) are quite
well reported in the literature, the case where a sus-
pension converts to a non-Newtonian fluids during
evaporation is still poorly understood. There is still a
lack of in-depth knowledge about the drying kinetics
leading to the sol- gel transition and the relation to the
effectiveness of such treatments during their application.

Here, we report a multiscale study on the evaporation
followed by sol-gel transition of methytriethoxysilane
(MTEOS) suspensions in sandstone samples and its
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consequences on the drying kinetics. Our aim is to relate
the drying kinetics and the final distribution of gel in
the porous medium to the gelation kinetics. To this
end, the remainder of this article is organised as follows.
The drying of methyltriethoxysilane in sandstone is
first studied with NMR technique during the gelation
process. The distribution of the sol and gel during
and at the end of the drying is then investigated using
computed X-ray microtomography. Our results show
that using methytriethoxysilane (MTEOS) as precursor
can lead the formation of a crack-free gel without any
additives as the free methyl group reduces the capillary
pressure during condensation and polymerization. We
also show that the gel mainly forms in small pores
near the evaporative surface. Finally, we propose an
extensive description of the mechanism of gel formation
during evaporation in the porous medium based on our
measurements. Our findings provide new insights into
the gelation dynamics with evaporation in porous media
and help for taking a better conservation measures
depending on the materials and environmental factors.
More generally, the present article contributes to a
better understanding of drying with complex fluids in
porous media, which is relevant for numerous physical
and industrial situations.

II. METHODS

A. Preparation of the sol and description of the
sol-gel process

Methyltriethoxysilane (C2H5O)3SiCH3 (Sigma-
Aldrich) is dissolved in 0.1 mol/L solution of acetic acid
(Sigma-Aldrich). The concentration of MTEOS is 2.5
mol/L in the acidic solution. Upon hydrolysis, silanol
groups are formed and ethanol is released in the solution
based on the following reaction :

(CH3CH2O)3SiCH3 + 3H2O {1}
CH3Si(OH)3 + 3CH3CH2OH,

The resulting solution when completely hydrolyzed con-
tains CH3Si(OH)3 methylsilanetriol (MTS) in a solvent
composed of water and ethanol. Generally, condensation
reactions between the formed MTS monomers start be-
fore the hydrolysis is complete. Through condensation,
MTS monomers react with each other to create siloxane
bridges and form macromolecules. The resulting suspen-
sion of macromolecules forms the sol (also called MTS
sol in the remainder of the article), which corresponds
to stage B in Fig 1. In acidic conditions, the macro-
molecules remain small in size and their growth stops
when they reach a radius of 2-4 nm [28]. Two conden-
sation reactions can describe the gelation which lead to
the creation of (3D)-network structure (stage C in Fig 1)
[28, 29] :

CH3R’2Si − OCH2CH3 + HO SiCH3R’2 {2}
CH3R’2Si − O − SiCH3R’2 + CH3CH2OH

CH3R’2Si − OH + HO SiCH3R’2 {3}
CH3R’2Si − O − SiCH3R’2 + H2O

With MTS, one of the bonds of the silanol is the methyl
group which does not contribute to the formation of silox-
ane bridges. The latter gives a more pronounced hy-
drophobic property to the gel and we expect that the
capillary pressure which develops will be smaller than for
gels obtained with TEOS as precursor. The condensation
reactions are concurrent to the evaporation of the solvent
and lead finally to the formation of a highly branched
gel network spanning through the whole sample (stage D
in Fig 1). Bond formation nonetheless does not stop at
the gel point and condensation reactions and evaporation
continue. The transition to the gel state is characterized
by an abrupt rise of the viscosity (which reaches 105 Pa.s
when the sol is fully gelated) and the emergence of an
elastic response to stress [29] (see the Appendix A for
rheological measurements).

B. Unidirectional drying experiments

Mšené sandstone (Prague, Czech Republic) composed
of quartz grains of an average size around 100µm [30]
with a porosity of 30% and an average pore diameter of
30 µm is used in this study [31, 32]. Cylindrical sam-
ples of dimensions (height h× diameter d) 10 x 10 mm
and 30 x 20 mm are saturated with the sol (i.e. the
colloidal suspension of MTS macromolecules of size 2-
4nm, stage B in Fig 1) by spontaneous capillary rise. We
study the transition from the sol to the gel state in the
samples upon evaporation. Investing the process in dif-
ferent sample sizes gives information on the impact of the
volume to surface ratio of the sample on the gelation ki-
netics during evaporation. The saturated stone samples
are placed in a homemade controlled climatic chamber
at T = 21◦C and RH = 50% (using the humidity regu-
lator developped by [33]) and dried from top surface by
covering all other sides with aluminium tape. The dry-
ing kinetics are investigated using an automated balance
(precision of 0.001 g).

C. NMR experiments

The sol distribution within the stone sample while dry-
ing is quantified by measuring the saturation profiles us-
ing a Nuclear Magnetic Resonance set-up, the basic prin-
ciple of which is briefly explained hereafter. It is impor-
tant to note that due to the short relaxation time of the
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FIG. 1: Schematic of different stages of the sol-gel transition by evaporation. (A) MTEOS is in solution in acidic
water. (B) The hydrolysed MTS polymerise to form oligomers, that grow into macromolecules (MTS) of radius
2-3nm. Those macromolecules are thus in suspension in the solvent and form the sol. (C) With condensation
reaction and evaporation of the solvent, a gel network is formed, spanning throughout the whole sample. (D)

Evaporation of most of the solvent and densification of the gel. Some liquid remains stuck in the nanopores of the
gel and does not evaporate.

FIG. 2: (A) Schematics of the stone and the positions of the scans: h1 at the evaporative surface and h2 at a depth
of roughly 4 mm inside the stone. The reconstructed scans are cubes of volume 0.92 mm3 (B) Vertical cross section
of a computed microtomography image where the fluid, the pores and the grains can be distinguished, the detection

of the fluid (red-shaded areas) using segmentation on gray levels is visible in (C).

hydrogens in the gel, the NMR set-up measures only the
hydrogens in the solvent (liquid state). The hydrogens
present in the MTS macromolecules or in the gel do not
intervene in the quantification with this technique.

When nuclei (such as H) possessing a magnetic mo-
ment are placed in a constant magnetic field Bmain,
their magnetic moment precess at a certain resonance
frequency f called the Larmor frequency. The resonance
condition allows the NMR method to be used to recog-
nize certain nuclei. An oscillating magnetic field intro-
duced by a Radio Frequency (RF) pulse at the Larmor
frequency of hydrogen nuclei is applied. By using a Hahn
RF pulse sequence, it is possible to generate spin-echo
signals [34], where the intensity of the signal S is pro-
portional to the density of hydrogen nuclei excited ρ and
therefore to the amount of for example moisture present:

S = ρ exp(−TE
T2

)(1− exp(−TR
T1

)). (1)

Here, TE is the spin echo relaxation time, T2 is the spin-
spin relaxation time, TR the repetition time and T1 is

the spin-lattice relaxation time. The NMR set-up used
in our experiment is composed of an iron-cored electro-
magnet providing a static magnetic field Bmain of 0.8 T.
A constant magnetic field gradient Bgradient of 0.3 T/m,
resulting in a longitudinal resolution in the order of 1.0
mm is used. In all the measurements, the spin-echo time
TE of 250 µs and repetition time TR of 5 s are used.

Similarly to gravimetric experiments, measurements
are done with the same cylindrical samples ( h = 10 mm
× d = 10 mm) and (h = 30 mm × d = 20 mm). The sat-
urated samples with the sol are placed in a teflon holder
adapted to the size of the stones and suspended in the
NMR set-up. Teflon is used instead of aluminium tape
to confine the samples as it gives no background signal
during the measurements. A dry airflow at the rate of
1 L/min with a relative humidity of 50% is blown over
the sample to create drying conditions. With a stepper
motor, the sample holder can be moved along the NMR
insert, allowing the moisture content to be measured over
time as a function of the sample height.
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D. X-ray microtomography

X-ray microtomography experiments are performed on
the ANATOMIX beamline of Synchrotron SOLEIL in
Saint-Aubin [35]. The filtered white beam mean X-
ray photons energy is 36 keV. The X-ray photones are
collected from a detector (LuAG:Ce scintillator of 20
µm thickness, 10x Mitutoyo objective (Na 0.28), camera
Hamamatsu Orca Flash 4.0 V2) resulting in an effective
pixel size of 0.65 µm. The sample detector distance is 6
cm, and 2000 projections are collected over an angle of
180°. The exposure time is 80 ms resulting in a scan du-
ration of about 3 min. Volumes are reconstructed with
PyHST2 [36] (ESRF, Grenoble, France) and a paganin
filter is applied during the data reconstruction [37].

Cylindrical sandstone samples (h = 10 mm × d = 10
mm) were saturated with the sol and covered with alu-
minium tape and dried in one direction in the same con-
ditions RH = 50% , T = 21◦C. Scans are taken, every
hour during drying at two different heights of the sam-
ple: h1 at just beneath the evaporative surface of the
stone and h2 at a depth of 4 mm in the porous material
(see Fig 2-A). The reconstructed scans are analysed us-
ing the software Dragonfly ORS [38]. During that stage,
the scans are cropped to cubes of total volume 0.92 mm3.
The gray values of the computed tomography images re-
flect the density and atomic number of the components
present in the specimen. During the drying, the image
quality allows to distinguish the MTS fluid from the pore
space and the grains. By a simple segmentation through
manual thresholding on gray levels we are able to effi-
ciently differentiate between fluid (sol and/or gel), pores
and stone grains (see Fig 2-B and C). The fluid, in darker
grey than the grains of the stone is clearly visible on
those cross sections. To assess the accuracy of the seg-
mentation, the porosity of the stone is determined from
the scans by measuring the volume of the fluid and the
empty pores leading to ϕtomo = 28% which is in very
good agreement with the porosity of the stones obtained
by weight measurement and Mercury intrusion porosime-
try. Nonetheless, even though the density of the fluid
increases with condensation, it is not possible with this
technique to distinguish the sol from the gel state of the
fluid with evaporation.

The detection of the MTS fluid over the whole volume
of scanned cubes (0.92 mm3) allows to determine the sat-
uration in MTS defined as s = Vfluid/Vpores at different
positions inside the stone. Note that the s obtained by
this method is different from the relative moisture con-
tent determined by NMR technique. In the latter, only
the evolution of the liquid state is quantified in the pores.
In the first two hours of the drying, due to the fast evap-
oration of the solvent, the liquid moves inside the pores,
which results in ’blurry’ artefact in the tomography scans
(see Fig 5-A t = 1.5 h and h2 = 4 mm). This artefact
could affect the accuracy of the detection, hence the es-
timation of sol content at early stages of drying.

E. SEM

The dried samples containing the gel have been anal-
ysed by a Hitachi TM-3000 tabletop Scanning Electron
Microscope, and compared with the results obtained by
X-ray microtomography at the late stage of evaporation.
This SEM operates under a low vacuum, where a gas
under a variable pressure is let into the sample chamber
allowing imaging of the samples without any preparation
or coating on the samples.

III. RESULTS AND DISCUSSION

A. Drying kinetic during gel formation in porous
media by NMR

The temporal evolution of the relative liquid saturation
obtained by gravimetric experiments and NMR are pre-
sented in Fig 2 and Fig 3. The NMR saturation profiles,
allow us to investigate the distribution of the hydrogens
in the solvent over time and with the height of the sam-
ple. We recall here that the hydrogens present in the
MTS macromolecules or in the gel are not detected with
the NMR set-up.

For both sample sizes, in Fig 3-A and B a heteroge-
neous liquid content as a function of the height of the
sample can be observed since the initial stage of evapora-
tion. The moisture content is larger at the bottom of the
sample (height=0mm) than at the top where evaporation
takes place (height =30mm in Fig 3-A and height=10 mm
in Fig 3-B). At the early stage of drying, this saturation
gradient is due to the presence of the airflow in the NMR
setup. From t0 to t2, in Fig 3-A, although the overall
saturation profiles decrease gradually with drying, the
fluid remains in contact with the free surface (the height
corresponding to the inflection points a and b does not
change). With further evaporation a heterogenous de-
saturation starts to develop from the top surface towards
the inner part of the sample. To better understand this
process, let us consider the different inflection points c to
e in the saturation profiles of the large sample (Fig 3-A).
On the profile at time t3, the relative moisture content
around 0,6 is quite homogeneous for heights going from 0
of 29 mm (indicated as point c) and then drops gradually
when you approach the free evaporative surface. At t4,
the moisture content is equal to roughly 0,4 up to the
height 22 mm (marked by point d) and then decreases
until the height of 28 mm where the moisture content
reaches 0 (green arrow). Thus, at the relative moisture
content of 0.4, a dried region of about 2 mm is formed
beneath the surface. At t5, at the residual saturation
of 0,1, the inflection point e is even further inside the
sample, to a height 20 mm and a dry region of 6 mm is
present beneath the surface.

Similar results are obtained in small stones, as visible
in Fig 3-B. At t1, the moisture content in the sample
is quite homogeneous and around 0.8 from 0 to 9mm
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FIG. 3: NMR profiles during unidirectional drying of the sol in a (A) big cylinder (obtained every 3 hours) and (B)
small cylinder (obtained every hour). In the profiles at t0 to t5 some interesting points are highlighted (a to e).

FIG. 4: The mean relative liquid content as a function of time for big (A) and small (B) stones obtained by
integration of the saturation profiles from NMR (dots) and weight (+) measurements. The curves are fitted by an

exponential (grey line) for small stones (y = exp(−0.15x)) and for big stones at short times (regime 1:
y = exp(−0.016x)). This is followed by a square root of time decay (red line) for big samples (y = −0.11

√
x+ 1.2).

For the pure solvent in both size samples, the drying occurs at a constant rate (−0.05 h−1 for big stones and −0.2
h−1 for small stones) until very low saturation.

whereas from 9mm to the evaporative surface, the satu-
ration drops down. This transition height, for which the
saturation is not homogeneous anymore, moves further
inside the sample with time (see points b to d). These
drying behaviours are different to what is commonly ob-
served for a simple liquid such as water in porous media
(Appendix B). In the case of water, the constant rate
evaporation is typically associated with a homogeneous
decrease of the overal relative moisture content over the
whole height of the sample due to the existence of a con-

tinuous liquid film in contact with the free surface of the
sample for most of the drying time. This is similar to
what we can see at the early stage of the evaporation of
the sol (time t1 and t2) in Fig 3-A. For water, the CRP
ends when the capillary forces are not sufficient anymore
to compensate the evaporative flux at the surface and
the liquid/air menisci recedes inside the porous material,
which causes the formation of a dry receding front in the
sample.

In Fig 4-A and 4-B the drying kinetics obtained from
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the integration of NMR moisture profiles are plotted and
compared with the gravimetric experiments. One can
notice that the drying of the sol is much slower than the
drying of the pure solvent (water/ethanol) independent
of the size of the samples. In large samples, the drying
takes 150 h for the MTS sol against 50 h for the solvent.
For the solvent, the typical constant rate period is fol-
lowed by a much slower drying that sets in at a very late
stage, at almost complete desaturation. For the MTS
sol there is no constant rate period but only a falling
rate period with two regimes. In the first regime, the
variation of the moisture content can be fitted by an ex-
ponential decay. In small sample, the end of this first
regime coincides with the complete desaturation of the
sample whereas for large ones this corresponds to t4 in
Fig 3-A, for a desaturation of 40%. For the large sample,
the second regime can then be fitted by a square-root of
time, usually characteristics of diffusion-driven evapora-
tion. The latter coincide well with the change in NMR
profiles : the transition between the two regimes corre-
sponds to profile at time t4 (point d) in Fig 3-A, profile
for which a dry region is forming beneath the surface (see
the green arrow). The liquid thus evaporates and has to
diffuse inside the stone, leading to a square rort of time
kinetics and the development of a growing dry region. It
remains to understand the peculiar shape of the satura-
tion profiles in Fig 3 and why a dry region is forming in
the big samples at such high remaining saturation. For
that, computed X-ray microtomography which allows to
image the fluid is performed.

B. Distribution of MTS determined by computed
X-ray microtomography and SEM

Computed X-ray microtomography is performed at dif-
ferent stages of drying. Fig 5-A shows the snapshots that
display the MTS fluid distribution (represented by red-
shaded regions) within stone at 3 different evaporation
time from slices at h1 = 1 mm (top row) or h2 = 4 mm
(bottom row) depth of the stone. The sol or gel state
of the liquid cannot be differentiated in the scans. The
saturation s values in sol and/or gel (computed from the
corresponding 3D volume scans composed of 2000 slices)
are indicated for each slice in Fig 5-A. The snapshots
show that with drying, the larger pores are emptying first
followed by the smaller ones, the latter having a higher
capillary pressure remains saturated longer [39, 40]. This
is further investigated in Appendix C where the satura-
tion of the pores at different times depending on their
diameters is studied. In addition, our results show that
the fluid (sol and gel) distribution is not homogeneous
inside the stone: at a given evaporation time, there is
more fluid (solvent+ macromolecules and/or gel) at the
top (h1) than inside (h2) the stone. At the end of the
drying, the final saturation of gel is s = 25% at the top
of the stone whereas s = 7% inside. At both positions
the porosity of the stone is reduced by the gel formation.

Due to the high saturation of gel at the top, the poros-
ity reduction is more important there, with a porosity at
the end of the drying of roughly ϕ = 21% compared to
ϕ = 28% for untreated stones. In h2, the final porosity
is almost unchanged and equal to ϕ = 25%. Fig 5-B also
shows the distribution of gel at t = 16.5h (correspond-
ing to the end of the drying, see Fig 4-B) in 3D volume
scans at the two positions in the stone. Therefore, we can
conclude from these measurements that while the gel is
mostly formed in small pores, a gradient of gel concen-
tration from the top to the bottom of the sample has
developed during drying.

Comparing the tomography scans in Fig 5-A (t=6.5h)
with the NMR results in Fig 3-B, one can notice that
whereas the saturation in fluids is higher at the top of
the stone in the tomography scans, the moisture content
is lower at the top in the NMR measurements. Those two
observations can first seem contradictory, but the expla-
nation lies in the fact that with micro-CT, we detect the
fluid which can be considered as the solvent with macro-
molecules and/or potentially the gel whereas NMR data
gives only the solvent profiles (i.e. the hydrogens in the
gel or macromolecules are not detected by the NMR set
up). By combining the results of both techniques we can
assume that the fluid is thus not homogeneous towards
the surface: it is more concentrated in MTS macrome-
locules and/or gel at the evaporation surface with less
solvent. The gelation consequently starts from the top
surface in small pores as they remain saturated with fluid
longer but with a lower saturation in water and ethanol
as detected by NMR. This hypothesis will be further sub-
stantiated in the discussion.

The consolidated sandstones are also investigated
using scanning electron microscopy (SEM) as shown
in Fig 6. We observe the formation of a crack-free gel
consisting in a thin film which surrounds the grains
and connects them together by capillary bridges. In
agreement with previous reports on consolidation of
stones with TEOS [12, 13, 15], those thin films ensure
an efficient consolidation of the material [16, 17]. The
formation of a crack-free gel within the pore structure
with the MTEOS can be explained by the fact that
MTS creates a hydrophobic silica network because of
the methyl group which in this case is poorly wetted by
the polar solvent. This results in lower stresses in the gel
network during condensation (lower capillary pressure)
and the formation of a gel without cracks [29, 41].

C. Discussion on drying kinematics during sol-gel
transition in porous media

In this subsection, building on our insights from NMR,
X-ray microtomography, gravimetric and SEM experi-
ments, we provide an explanation of drying of the sol
in porous media leading to a heterogeneous distribution
of gel within the pore network.
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FIG. 5: (A) Slices of scans obtained by computed X-ray microtomography of a stone saturated with sol at different
stage of drying. The slice are taken at different times and at depths h1 = 1 mm and h2 = 4 mm in the stone. The

saturation is calculated over the whole volume of scanned cube. (B) 3D rendering from cubes of volume 0.92 mm3 of
the Mšené sandstone treated with MTS at the last stage of drying (the identified gel regions are presented by red

color).

FIG. 6: SEM pictures of sandstone grains consolidated
with MTS gel

The temporal evolution of the moisture profiles in the
samples obtained by NMR technique (Fig 3) has shown
the development of heterogenenous region from the free
surface beneath the surface with the evaporation of the
solvent. This results in the decrease of the evaporation
rate with time. To better understand the mechanism be-
hind this behaviour, one needs to compare the velocity
of liquid transfer to the evaporative surface to the evapo-
ration rate in our experimental conditions. The velocity
vDarcy of the liquid transfers in a porous network under a
pressure gradient dp

dx can be approximated by Darcy law:

vDarcy = −k

µ

dp

dx
(2)

where µ is the viscosity of the liquid and k the permeabil-
ity of the network. At the beginning of the drying, the
porous media is fully saturated and the permeability of
the porous network can be determined from an adapted

form of the Carman–Kozeny equation for sandstones [42]:

k =
w3

17.87 ∗ (1− w2)
d2 (3)

where d = 70µm is the mean grain radius of Mšené sand-
stones. In our situation, the pressure gradient is caused
by the heterogeneity of the capillary pressure distribution
in the pores network and from Eq.2 the velocity vcap of
the capillary transfers in the porous network [39], assum-
ing that initially the fluid is perfectly wetting the stone
is:

vcap =
k

µ(t)

4σ

hr
(4)

where σ and ρ are respectively the surface tension and
the density of the sol at the start of the drying. h is the
height of the stone and r is the pores radius. Even if
during the sol-gel transition, the physical properties of
the fluid, e.g. viscosity evolve (see Appendix A), one can
estimate that at the initial stage, the viscosity of the fluid
is described by Einstein law’s of viscosity µ = µ0(1+aϕ),
ϕ being the volume fraction of solute particles (here MTS
macromolecules) [43–45]. With µ(t = 0) = 5 ∗ 10−3 Pa.s
and σ = 28 mN.m−1 and using Eq. (4) one can thus
approximate vcap(t = 0) ≈ 10 m.s−1. On the other hand,
the drying rate in a porous medium is calculated as:

v = − 1

ρA

dm

dt
(5)

where m is the mass of the liquid in the porous media
and A the evaporative surface. Using the experimental
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FIG. 7: Schematic drawings representing the drying and gel formation in a porous medium.

results for dm
dt , this gives v ≈ 10−7 m.s−1 which is much

lower than vcap.Therefore, the heterogenous decrease of
the saturation profiles in Fig 3 and the formation of the
dry region beneath the surface can not be explained by
weak capillary forces.

Originally, the sol imbibed in the stones is a colloidal
suspension composed of macromolecules of size 2−4nm as
stated before (see Methods - A). With the capillary flows,
the macromolecules which are originally homogeneously
dispersed in the stone will be advected to the surface as
evaporation proceeds, in the same way as ions or solid
colloidal particles [21, 22, 24, 46]. The calculation of
the Peclet number gives an estimation of the order of
magnitude of the advective and diffusive transport. The
advection of macromolecules to the surface is generally
counterbalanced by the diffusion process which tends to
equilibrate and homogenize the concentration gradient
inside the fluid:

Pe =
hv

D
(6)

where v is the mean speed of the flow of drying fluid
calculated via Eq. (5) and D the diffusion coefficient of
the MTS macromolecules in the sol. The latter can be
deduced from Stokes-Einstein law [47] and is given by:

D =
kT

6πrµ(t)
(7)

with r ≈ 3 nm the radius of the macromolecules. At
the early stage of drying, this leads to Pe ≈ 102 over
the height h of the stone showing that the diffusion is
therefore not sufficient to counterbalance the advection
of the macromolecules to the surface.

The accumulation of macromolecules at the evapora-
tive surface and their depletion from the rest of the stone

sample lead to the sol-gel transition in small pores at
the surface and a subsequent increase of viscosity there
(see Appendix A). In addition, the increase of the vis-
cosity by its own leads also to the decrease of the mean
speed of capillary transfer near the evaporating surface
according to Eq. 4 provided that the change of surface
tension during sol-gel transition is negligible (which is in-
deed the case, see Appendix A). Thus, after the sol-gel
transition locally at the microscale, these regions become
unavailable for further wetting by the remaining fluid to
maintain the liquid front at the whole evaporation sur-
face. As a result, the evaporation rate decreases with
time and with the increase of gel regions.

The exponential behaviour in the first drying regime
in Fig 4 is similar to what was reported by [25] for the
evaporation of salt solution when salt crystals cover grad-
ually the evaporative surface of the stone. As explained
by [25], from Fick’s first law, the loss of mass can be
related to the evaporative surface:

dm

dt
= −DvA

ρsat − ρvap
δ

, (8)

where Dv is the vapor molecular diffusion coefficient, ρsat
is the vapor density at saturation, ρvap is the vapor den-
sity and δ is a characteristic transport length over which
the relative humidity goes from unity to the atmospheric
one. On the other hand, the gradual decrease of the
available evaporative surface is proportional to the rate
of phase change of mass of fluid (in our case gel forma-
tion, in the case of [25], salt precipitation):

dA

dt
= α

dm

dt
(9)

Combining these two equation leads to :

d2m

dt2
= −αDv

ρsat − ρvap
δ

dm

dt
(10)
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which has an exponential solution. In samples of small
size (volume to surface ratio 10 mm), the end of the expo-
nential decay regime of drying coincides with a complete
desaturation of the sample. However, for large stones,
this exponential decay regime is followed by a square root
of time decrease, as seen in Fig 3, characteristic of dif-
fusion limited evaporation (see Appendix B or [39, 48]).
This is consistent with our results of NMR and X-ray
microtomography where the transition to the diffusive
regime coincides with to the saturation profile at t4 in
Fig 3-A and Fig 4-A for which the first 2mm beneath
the surface are dry. The dry region afterward progresses
gradually deeper within the stone. A schematic summa-
rizing different stages of the drying is presented in Fig 7.
As the stone desaturates, the sol also occupies a smaller
fraction of the porosity. Therefore the macromolecules
accumulate further away from the free surface and in a
smaller fraction of the pores leading to a gradient of gel
concentration within the porous network.

IV. CONCLUDING REMARKS

To summarize, MTS suspensions can be used to con-
solidate sandstones via the formation of a crack-free gel
within the porous structure. This is of high relevance
for cultural heritage applications where damaged stone
artworks need to be consolidated. The dynamics of the
evaporation of a Newtonian fluid (sol) which becomes
gradually a non-Newtonian gel have been investigated
using different highly advanced techniques. Combining
mass measurements and NMR experiments, we showed
that from the initial stage of evaporation, the drying rate
continuously and rapidly decreases. Two regimes can be
identified: a first regime with an exponential decay and
a second diffusive regime. In contrast with the drying
of water in porous media, no constant rate period is ob-
served. Computed X-ray microtomography revealed that
the concentration of gel formed within the porous net-
work is heterogeneous, contrary to what is believed with
such treatment in terms of conservation treatment. A
gradient of gel is forming with the highest concentration
at the top surface where evaporation takes place. Our
results show that gel is found mainly as capillary bridges
between grains in the small pores where the capillary
pressure is the highest.

The heterogeneous gel distribution can be quantita-
tively explained by the advection of the macromolecules
at the evaporative surface by capillary flows. The accu-
mulation of macromolecules at the surface will lead to the
localised sol-gel transition and increase in viscosity. The
gel region being hydrophobic, the highly viscous fluid will
continue to dry beneath the gel region, leading to the for-
mation of a gradient in solvent saturation and finally the
formation of a receding front which will progress inside
the porous media with the continuous sol-gel transition.
In the context of conservation of cultural heritage, our
results show that using sol-gel process in heterogeneous

porous materials with different pore size distribution, re-
mains more adequate that in homogeneous materials, as
the gel will be formed in small pores and the large pores
remain empty. In this way, the material although con-
solidated can still breath thanks to larger pores. On the
contrary such treatment in homogeneous pore size distri-
bution materials should induce the skin effect with the
gel being concentrated at the subsurface in most of the
pores and reducing the permeability as observed by some
of the authors in [49].
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APPENDIX

A. Evolution of MTS properties during sol-gel
transition

During the evaporation and sol-gel transition of MTS,
the properties of the fluid such as its surface tension and
its viscosity evolve. The variation of the surface tension
is measured with a Drop Shape Analyser from Kruss us-
ing the pendant drop method during the gelation. The
results are reported on Fig 8. As the gelation proceeds,
a decreases in the the surface tension from 28 mN.m−1

to 24 mN.m−1 is observed.
As explained in section A in Methods, the sol-gel tran-

sition is characterized by an important change in the
viscoelastic properties of the fluid. Here, we performed
rheological measurements during the sol-gel transition of
MTS with a rheometer head (Anton Paar, DSR502). The
rheology measurement is performed using a 25mm diam-
eter top plate that together with the bottom microscope
slide constitutes a plate-plate geometry. The oscillatory
shear experiments are done at a frequency of 10 rad.s−1
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FIG. 8: Surface tension evolution during the sol-gel
transition of MTS plotted as a function of the volume

ratio defined here as V/V0 where V0 is the initial volume
of sol

with a small strain amplitude of 0.25% to measure the lin-
ear viscoelastic response; it was verified that neither the
frequency nor the amplitude alter the response. The evo-
lution of the elastic modulus (G’) and the viscous modu-
lus (G”) during evaporation are plotted in Fig 9-A. The
sharp increase of the storage modulus G’ at t ≈ 1000 min
reflects the formation of clusters and percolation of the
macromolecules in the sample. This process carries on
until the elastic modulus becomes equal to the viscous
modulus, defining the sol-gel point (t ≈ 1440 min in Fig
9) [29, 50]. From the measurement of the loss and stor-
age modulus it is possible to deduce the viscosity of the
fluid: η =

√
G′2+G′′2

ω (ω being the frequency of oscilla-
tion) which is plotted in Fig 9-B. The viscosity strongly
increases during the transition for sol to gel, from 10−1

Pa.s to 105 Pa.s. From Fig 9-A and 9-B, we estimate that
the sol-gel transition occurs at t = 1440 min in this con-
figuration which corresponds to a viscosity of η = 80 Pa.s.
In Fig 9-C, the viscosity increase is plotted as a function
of the volume ratio V/V0 (V0 being the initial volume of
sol) in order to relate to the surface tension evolution.
After the sol-gel transition, the volume loss slows down
drastically which make it difficult to measure, while the
viscosity still increases.

Fig 8 and Fig 9-C confirm that in Eq 4 and 7 the
variation of the surface tension of the fluid can be
neglected compared to the variation of the viscosity.

B. Drying of water followed by NMR

Fig 10 reports the results for water drying in a sand-
stone of size 30mm (heigh) and 20mm (diameter): 10-A
shows the moisture distribution as a function of the posi-

tion of the sample (the top of the stone is at height 2cm)
whereas 10-B shows the evolution of the total moisture
content as a function of time. This is obtained by in-
tegrating the profile from 10-A. In Fig 10-A two dry-
ing regimes can be identified: a first period (from t0
to t4)where the desaturation occurs homogeneously al-
though the presence of airflow can create a gradient be-
tween the top and the bottom slightly tilted curve be-
tween top surface and the bottom). A second period
(from t4) where the top of the sample gradually dries
while the saturation at the bottom remains constant and
leads to the apparition of a front between the dry and
the partially saturated part (dotted arrow). Those two
regimes are also visible in Fig 10-B where a sudden de-
crease in the drying rate is visible at t4 between the first
and the second period.

Indeed, in general, it is well established that for simple
Newtonian fluids, two main drying regimes can be ob-
served [39, 48, 51, 52]: the Constant Rate Period (CRP)
where evaporation happens at the surface of the stone
and the Falling Rate Period (FRP). During the CRP, the
capillary transport to the surface of the porous medium is
faster than the mean evaporation speed. The water evap-
orating at the surface is constantly replaced with water
from the inner part of porous medium inducing a homo-
geneous desaturation at a constant rate. It is commonly
accepted that the CRP ends when the capillary forces are
not sufficient anymore to compensate the evaporative flux
at the surface and the liquid/air menisci recedes inside
the porous material. The latter causes the formation of
a dry front within the porous material and because diffu-
sion will subsequently control the evaporation, the rate
will drop in this Falling Rate Period.

C. Evolution of pores saturation during the drying
investigated with X-ray microtomography

From the slices in Fig 5-A, it is visible that, during
evaporation, the big pores are emptying whereas the
smaller ones remain saturated. At the end of the dry-
ing, the gel is only formed as capillary bridges between
grains (Fig 6) or in the small pores. This observation is
substantiated by further analysis on the microtomogra-
phy scans at position h1.

A pore network is constructed from the scans using the
implemented plugin of OpenPNM [53] within Dragonfly
(ORS) software. The OpenPNM plugin is using Pore-
Spy’s SNOW (Sub-Network of an Over-segmented Wa-
tershed) network extraction algorithm. More explana-
tions on the extraction algorithm and the resulting pore
network can be found in [54]. Using the aforementioned
algorithm and package, we can retrieve properties of each
individual pores, the pore size being described by the
equivalent diameter. The saturation s (sol and/or gel) of
the pores as a function of their diameter is determined
at different times of the drying. The results are plotted
in Fig 11 with a bin width of 1 µm.
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FIG. 9: Rheological measurements during the sol-gel transition of MTS. (A) Evolution of the elastic modulus (G’)
and the viscous modulus (G”) over time. (B) Evolution of the viscosity η =

√
G′2+G′′2

ω over time. (C) Evolution of
the viscosity as a function of the volume ratio V/V0 where V0 is the initial volume of sol.

FIG. 10: (A). NMR profiles during unidirectional drying of water in a big sandstone. Each profile is afterward
integrated over stone height to determine the relative moisture content as a function of time, which is plotted in

panel (B).

At t = 1.5 h, the number of saturated pores has de-
creased for every diameters and the biggest pores (50 to
60 µm) are already empty. Similar observations can be
done at t = 6.5 h and t = 12.5 h. At t = 16.5 h (end
of the experiment), only the smallest pores remain sat-
urated: most of the pores with a diameter higher that
25 µm are empty. Those histograms confirm what was

already visible in Fig 5-A for h1 where at t = 16.5 h
the gel is formed in the smallest pores. This result is in
agreement with previous works, as it is now well stud-
ied that during evaporation in porous media the smaller
pores remain saturated for a longer time with capillary
flows (see [39, 40] for example).

[1] A. Al-Omari, X. Brunetaud, K. Beck, and M. Al-
Mukhtar, Effect of thermal stress, condensation and
freezing–thawing action on the degradation of stones on
the castle of chambord, france, Environmental Earth Sci-
ences 71, 3977 (2014).

[2] F. Bayram, Predicting mechanical strength loss of natu-

ral stones after freeze–thaw in cold regions, Cold Regions
Science and Technology 83-84, 98 (2012).

[3] N. Shahidzadeh-Bonn, J. Desarnaud, F. Bertrand,
X. Chateau, and D. Bonn, Damage in porous media
due to salt crystallization, Physical Review E 81, 066110
(2010).



12

FIG. 11: Histogramms of the pores saturation as a
function of the pores diameter at different times. The
results are extracted from the microtomography scans

taken at position h1 = 1 mm.

[4] L. T. Gibson, B. G. Cooksey, D. Littlejohn, and N. H.
Tennent, Characterisation of an unusual crystalline efflo-
rescence on an egyptian limestone relief, Analytica Chim-
ica Acta 337, 151 (1997).

[5] L. A. Rijniers, L. Pel, H. P. Huinink, and K. Kopinga,
Salt crystallization as damage mechanism in porous
building materials—a nuclear magnetic resonance study,
Magnetic Resonance Imaging 23, 273 (2005).

[6] S. Siegesmund, T. Weiss, and A. Vollbrecht, Natural
stone, weathering phenomena, conservation strategies
and case studies: introduction, 205, 1 (2002), publisher:
The Geological Society of London.

[7] R. M. Espinosa-Marzal and G. W. Scherer, Impact of
in-pore salt crystallization on transport properties, En-
vironmental Earth Sciences 69, 2657 (2013).

[8] T. F. Hu, S. C. Lee, J. J. Cao, W. K. Ho, K. F. Ho, J. C.
Chow, J. G. Watson, B. Rong, and Z. S. An, Atmospheric
deterioration of qin brick in an environmental chamber
at emperor qin’s terracotta museum, china, Journal of
Archaeological Science 36, 2578 (2009).

[9] K. Linnow, L. Halsberghe, and M. Steiger, Analysis of
calcium acetate efflorescences formed on ceramic tiles in
a museum environment, Journal of Cultural Heritage 8,
44 (2007).

[10] J. Desarnaud, D. Bonn, and N. Shahidzadeh, The pres-
sure induced by salt crystallization in confinement, Sci-
entific Reports 6, 30856 (2016).

[11] R. J. Flatt, F. Caruso, A. M. A. Sanchez, and G. W.
Scherer, Chemo-mechanics of salt damage in stone, Na-
ture Communications 5, 4823 (2014).

[12] G. Wheeler, Alkoxysilanes and the Consolidation of Stone
(Getty Publications, 2005).

[13] A. Artesani, F. Di Turo, M. Zucchelli, and A. Traviglia,
Recent advances in protective coatings for cultural her-

itage–an overview, Coatings 10, 217 (2020).
[14] C. Pötzl, S. Rucker, E. Wendler, and S. Siegesmund,

Consolidation of volcanic tuffs with TEOS and TMOS: a
systematic study, Environmental Earth Sciences 81, 13
(2021).

[15] A. Tsakalof, P. Manoudis, I. Y. Karapanagiotis, I. Chrys-
soulakis, and C. Panayiotou, Assessment of synthetic
polymeric coatings for the protection and preservation of
stone monuments, Journal of Cultural Heritage 8 (2007).

[16] M. Mosquera, J. Pozo, and L. Esquivias, Stress during
drying of two stone consolidants applied in monumental
conservation, Journal of Sol-Gel Science and Technology
26, 1227 (2003).

[17] M. J. Mosquera, M. Bejarano, N. de la Rosa-Fox, and
L. Esquivias, Producing crack-free colloidpolymer hybrid
gels by tailoring porosity, Langmuir 19, 951 (2003).

[18] M. J. Mosquera, D. M. de los Santos, and T. Ri-
vas, Surfactant-Synthesized Ormosils with Application to
Stone Restoration, Langmuir 26, 6737 (2010).

[19] E. K. Kim, J. Won, J.-y. Do, S. D. Kim, and Y. S. Kang,
Effects of silica nanoparticle and GPTMS addition on
TEOS-based stone consolidants, Journal of Cultural Her-
itage 10, 214 (2009).

[20] R. Liu, X. Han, X. Huang, W. Li, and H. Luo, Prepa-
ration of three-component TEOS-based composites for
stone conservation by sol–gel process, Journal of Sol-Gel
Science and Technology 68, 19 (2013).

[21] E. Keita, P. Faure, S. Rodts, and P. Coussot, MRI evi-
dence for a receding-front effect in drying porous media,
Physical Review E 87, 062303 (2013).

[22] E. Keita, Particle deposition in drying porous media, Ma-
terials 14, 5120 (2021).

[23] F. Qin, A. Mazloomi Moqaddam, Q. Kang, D. Derome,
and J. Carmeliet, LBM simulation of self-assembly of
clogging structures by evaporation of colloidal suspension
in 2d porous media, Transport in Porous Media 128, 929
(2019).

[24] F. Qin, L. Fei, J. Zhao, Q. Kang, D. Derome, and
J. Carmeliet, Lattice Boltzmann modelling of colloidal
suspensions drying in porous media accounting for lo-
cal nanoparticle effects, Journal of Fluid Mechanics 963,
A26 (2023).

[25] J. Desarnaud, H. Derluyn, L. Molari, S. de Miranda,
V. Cnudde, and N. Shahidzadeh, Drying of salt contami-
nated porous media: Effect of primary and secondary nu-
cleation, Journal of Applied Physics 118, 114901 (2015).

[26] N. Shahidzadeh-Bonn, S. Rafaı, D. Bonn, and G. Weg-
dam, Salt crystallization during evaporation: Impact of
interfacial properties, Langmuir 24, 8599 (2008).

[27] S. Veran-Tissoires, M. Marcoux, and M. Prat, Salt crys-
tallisation at the surface of a heterogeneous porous
medium, Europhysics Letters 98, 34005 (2012).

[28] K. Iler, The chemistry of silica, Solubility, Polymeriza-
tion, Colloid and Surface Properties and Biochemistry of
Silica (1979).

[29] C. J. Brinker and G. W. Scherer,
Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing
(Academic Press).

[30] J. Desarnaud, K. Kiriyama, B. Bicer Simsir, K. Wilhelm,
and H. Viles, A laboratory study of equotip surface hard-
ness measurements on a range of sandstones: What influ-
ences the values and what do they mean?, Earth Surface
Processes and Landforms 44, 1419 (2019).

[31] J. Desarnaud, F. Bertrand, and N. Shahidzadeh-Bonn,



13

Impact of the Kinetics of Salt Crystallization on Stone
Damage During Rewetting/Drying and Humidity Cy-
cling, Journal of Applied Mechanics 80, 020911 (2013).

[32] Z. Pavlík, P. Michálek, M. Pavlíková, I. Kopecká, I. Max-
ová, and R. Černý, Water and salt transport and storage
properties of Mšené sandstone, Construction and Build-
ing Materials 22, 1736 (2008).

[33] F. Boulogne, Cheap and versatile humidity regulator for
environmentally controlled experiments, The European
Physical Journal E 42, 51 (2019).

[34] E. L. Hahn, Spin echoes, Physical Review 80, 580 (1950).
[35] T. Weitkamp, M. Scheel, J. Perrin, G. Daniel, A. King,

V. L. Roux, J. L. Giorgetta, A. Carcy, F. Langlois,
K. Desjardins, C. Menneglier, M. Cerato, C. Engblom,
G. Cauchon, T. Moreno, C. Rivard, Y. Gohon, and F. Po-
lack, Microtomography on the ANATOMIX beamline at
Synchrotron SOLEIL, Journal of Physics: Conference Se-
ries 2380, 012122 (2022).

[36] A. Mirone, E. Brun, E. Gouillart, P. Tafforeau, and J. Ki-
effer, The PyHST2 hybrid distributed code for high speed
tomographic reconstruction with iterative reconstruction
and a priori knowledge capabilities, Nuclear Instruments
and Methods in Physics Research 1st International Con-
ference on Tomography of Materials and Structures, 324,
41 (2014).

[37] D. Paganin, S. C. Mayo, T. E. Gureyev, P. R. Miller,
and S. W. Wilkins, Simultaneous phase and amplitude
extraction from a single defocused image of a homoge-
neous object, Journal of Microscopy 206, 33 (2002).

[38] C. Object Research Systems (ORS) Inc, Montreal, Drag-
onfly 2022.2 (2022).

[39] P. Coussot, Scaling approach of the convective drying of
a porous medium, The European Physical Journal B 15,
557 (2000).

[40] L. Fei, F. Qin, J. Zhao, D. Derome, and J. Carmeliet,
Pore-Scale Study on Convective Drying of Porous Media,
Langmuir 38, 6023 (2022), publisher: American Chemi-
cal Society.

[41] V. D. Land, T. M. Harris, and D. C. Teeters, Processing
of low-density silica gel by critical point drying or am-
bient pressure drying, Journal of Non-Crystalline Solids
283, 11 (2001).

[42] A. Rabbani and S. Jamshidi, Specific surface and porosity
relationship for sandstones for prediction of permeability,

International Journal of Rock Mechanics and Mining Sci-
ences 71, 25 (2014).

[43] S. Mueller, E. W. Llewellin, and H. M. Mader, The rhe-
ology of suspensions of solid particles, Proceedings of the
Royal Society A: Mathematical, Physical and Engineer-
ing Sciences 466, 1201 (2009).

[44] M. D. Sacks and R.-S. Sheu, Rheological properties of
silica sol-gel materials, Journal of Non-Crystalline Solids
92, 383 (1987).

[45] W. Vogelsberger, J. Opfermann, U. Wank, H. Schulze,
and G. Rudakoff, A model for viscosity in the early stages
of the sol-gel transformation, Journal of Non-Crystalline
Solids 145, 20 (1992).

[46] P. Lidon and J.-B. Salmon, Dynamics of unidirectional
drying of colloidal dispersions, Soft Matter 10, 4151
(2014).

[47] C. C. Miller and J. Walker, The Stokes-Einstein law for
diffusion in solution, Proceedings of the Royal Society of
London. Series A 106, 724 (1997).

[48] M. Prat, Recent advances in pore-scale models for drying
of porous media, Chemical Engineering Journal 86, 153
(2002).

[49] R. Le Dizès Castell, E. Mirzahossein, M. Grzelka,
S. Jabbari Farouji, D. Bonn, and N. Shahidzadeh,
Visualization of the sol-gel transition in porous
networks using fluorescent viscosity-sensitive
probes, The Journal of Physical Chemistry Letters
Https://doi.org/10.1021/acs.jpclett.3c02634.

[50] C.-Y. M. Tung and P. J. Dynes, Relationship between
viscoelastic properties and gelation in thermosetting sys-
tems, Journal of Applied Polymer Science 27, 569 (1982).

[51] L. Xu, S. Davies, A. B. Schofield, and D. A. Weitz, Dy-
namics of drying in 3d porous media, Physical Review
Letters 101, 094502 (2008).

[52] J. Thiery, S. Rodts, D. A. Weitz, and P. Coussot, Drying
regimes in homogeneous porous media from macro- to
nanoscale, Physical Review Fluids 2, 074201 (2017).

[53] J. Gostick, M. Aghighi, J. Hinebaugh, T. Tranter, M. A.
Hoeh, H. Day, B. Spellacy, M. H. Sharqawy, A. Bazy-
lak, A. Burns, W. Lehnert, and A. Putz, OpenPNM: A
Pore Network Modeling Package, Computing in Science
& Engineering 18, 60 (2016).

[54] T. Chekai, X-ray tomography for in-situ characterization
of salt weathering in layered porous media, under revi-
sion.


