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Effect of evaporative surface area on salt efflorescence and subflorescence
formation in a given porous material
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Salt crystallization in composite layered porous materials such as wall paintings, frescoes, tiles, and
ceramics can lead to cracks or delamination of the upper layers (paintings and glaze). The resulting open
surface areas induce asymmetrical flow of liquid and ions from the heart of the material towards the delam-
inated evaporative region. By performing drying experiments in truncated cone–shaped sandstone samples
as a model system for such flow, we show that for a given volume and a given salt concentration, the size
of the evaporative surface (i.e., the large base and the small base) leads to different drying kinetics and
salt-crystallization patterns of NaCl. By characterizing the temporal evolution of the ion-concentration
profiles by NMR in the liquid during evaporation and by determining the Péclet number over time, we
explain this different behavior and the resulting adhesive or nonadhesive efflorescence and subflorescence
when the truncated cone–shaped sandstones are dried with either the large base or the small base as the
evaporative surface. Fluid transport from a larger region beneath the surface to a smaller, localized evap-
orative area occurs faster as the surface is approached. This, in turn, combined with the evaporation rate
induces greater ion advection, resulting in salt precipitation as nonadhesive efflorescence at the surface.
As the damaged area increases, subsurface crystallization interlaced with the efflorescence leads to an
adhesive salt crust at the surface. The latter can increase subsequently the chance of mechanical damaging
with time. These findings bring new insight into why with aging and the progress of delamination areas
the risk of accelerating the deterioration of artworks will also increase.
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I. INTRODUCTION

“In time and with water, everything changes,” Leonardo
da Vinci once wrote [1]. This is especially true for cultural
heritage and artworks made from porous structures such
as his own mural “The Last Supper.” “The Last Supper,”
being painted on a wall in a convent next to a kitchen, is
damaged by a lot of weathering and has been renovated
many times, starting as early as a few decades after it was
painted in the 16th century [2]. Structural investigations on
the mural have shown many cracks in the painting forming
preferential pathways for the moisture in the wall to escape
and evaporate [3].

If any dissolved ions are present in moisture inside a
wall, they will likely precipitate at the places where evap-
oration occurs. In other words, the salt will most likely
crystallize in between the cracks and openings that are
formed over time with the aging of the artwork. Murals are
not the only forms of cultural heritage that are built from
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composite porous materials. Aging paintings and ceram-
ics can have craquelure in their top layer, and ceramics
and plaster suffer from cracks due to weathering as well.
Salt crystallization caused by an interplay between salts,
material properties, and environmental changes is one of
the main deterioration factors in building materials and
cultural heritage [4–8]. It threatens buildings, statues, fres-
coes, ceramics, paintings, and archaeological objects both
inside museums and in the outside environment [9–13].
This process may even be exacerbated by the climate
change we are now facing [14].

Over the past few decades, much has been learned
about the effects of salt crystallization during evaporation
within homogeneous porous materials such as different
types of stone and model glass-bead porous media. Dif-
ferent parameters such as pore size, environmental condi-
tions such as temperature and relative humidity, and the
effect of different salt types and additives [15–20] have
been investigated to better understand the conditions for
a given salt to crystallize inside the pore network as sub-
florescence, or at the surface of the porous material as
efflorescence [18]. Both types of crystallization can alter
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materials and artworks but in different ways. Efflorescence
can induce aesthetic problems appearing as white stains,
and in the case of a hygroscopic salt due to their deliques-
cence, the material can get wet more easily at high relative
humidity (i.e., summer conditions) [21]. This can subse-
quently induce other types of problem, such as biological
growth on these materials; on the other hand, subflores-
cence growth, which is accompanied by a crystallization
pressure [22,23], can cause cracks and delamination, alter-
ing the mechanical properties, and give rise to irreversible
loss of material.

Laboratory experiments done with cylindrical samples
of various stones or made out of glass beads have shown
how the morphology of efflorescence can vary from patchy
type (localized assembly of microcrystallites with a porous
structure similar to that of a cauliflower) to crusty type,
with the formation of an impermeable veil like skin on top
of a porous medium (hardly removable) [17,19,24]. Small
pore sizes and low relative humidity are more likely to
cause crusty efflorescence, which slows down the drying
significantly. On the other hand, large pore sizes or high
relative humidity causes rather the patchy-type efflores-
cence [19]. It has also been shown that rewetting-drying
cycles either by dissolution (liquid water) or by deliques-
cence (water vapor) can lead to different recrystallization
kinetics for a given salt. In the case of NaCl, multi-
ple dissolution cycles lead to localized larger cauliflower
structures as efflorescence, whereas multiple deliques-
cence cycles lead to the gradual displacement of the salt
beneath the surface as subflorescence [17].

However, in most of artworks, we generally face layered
materials, such as ceramics, frescoes, tiles, and painted
sculptures, in which with aging and alteration cracks or
partial delamination in the top, more-impermeable layer
can appear; these areas will subsequently form the con-
nection points between the core of the porous material and
the outdoor environment for evaporation or wetting. Sur-
prisingly, a careful analysis of these kinds of delamination
shows that the visual amount of salt precipitations in these
areas varies with the surface area of these evaporative spots
[see Fig. 1(b)].

Here we present our results on the effect of fluid
transport followed by crystallization across a truncated
cone–shaped volume: The impact of fluid transport from
a larger region beneath the surface to a smaller, localized
evaporative area and vice versa [see Figs. 1(b) and 1(c)]
is investigated with different analytical techniques. For
this purpose, truncated cone–shaped samples of sandstone
were designed as model systems for laboratory investiga-
tion [see Fig. 1(d)]. Our results reveal that the amount of
salt as efflorescence and the morphology of the latter as
well as the amount of subflorescence are controlled by the
size of the circular evaporative area for a given volume
of sample. By monitoring the ion transport in the sample
during evaporation by NMR and by our estimating on the

(a)

(c) (d)

(b)

FIG. 1. (a),(b) Tiles in the Palacio de Cristal in Madrid show-
ing damage by salt crystallization. Similarly to laboratory exper-
iments, when a small hole and a large hole in the glaze are next
to each other, the small hole shows more salt efflorescence and
the crystals start growing on the edge of the hole (both indi-
cated with red squares). (c) Graphical representation of 3D ions
and moisture transport during drying of salt solutions in tiles.
(d) Cone-shaped Prague-sandstone samples for laboratory study
of the process.

basis of the temporal evolution of the moisture content
the Péclet number at the evaporative surface, we can not
only show at the laboratory scale but can also explain why
smaller areas lead to more efflorescence compared with
larger ones. This explanation is in perfect agreement with
the salt deposits observed in real cases.

II. EXPERIMENT

In the experiments, the drying kinetics and the dynam-
ics of salt (NaCl) precipitation are investigated in real time
by our simultaneously using optical microscopy with auto-
mated image analysis to monitor the salt precipitation at
the evaporative surface of the truncated cones and a bal-
ance to register the temporal evolution of moisture content
with drying [see Fig. 2(c)].

The truncated cones have a volume of 9.2 cm3, a poros-
ity of 30%, and average pore-size diameter of 30 µm. They
have a height of 50 mm, with a small base with radius rs =
5 mm and a large base with rl = 10 mm [see Fig. 2(a)]. The
salt solution used in the study is an undersaturated NaCl
solution of 1.7M (corresponding to s = mi/ms = 0.3, with
mi the salt concentration and ms the concentration at satu-
ration) made by our adding 10 g of NaCl (Sigma-Aldrich,
99%) to 100 g of Milli-Q water. This concentration was
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(a)

(c)

(b)

FIG. 2. Setup and samples used during experiments. (a) Cone-shaped porous samples made of Prague sandstone, sealed on the
sides and the bottom with Parafilm. (b) Desiccator setup used to saturate the cone-shaped samples with solution. (c) Setup, containing
a microscope, a scale, a climate-controlled box, and a camera, used to simultaneously follow the drying process quantitatively and
qualitatively. Relative humidity (RH) of 45%. M, solenoid valve; N, nitrogen inlet.

chosen to be representative of realistic situations where salt
damage occurs [25,26]. The samples were saturated with
the salt solution under a vacuum for 1 h. The samples were
weighed before and after the liquid immersion and were
subsequently sealed with three layers of Parafilm on the
bottom base and lateral side to ensure drying from only the
top surface. The evaporation from Parafilm is negligible
as the water-vapor permeability of Parafilm is 0.8 g/m2

per 24 h at a relative humidity of 90%. For experiments
that would mean evaporation of 0.002 g per 24 h through
the Parafilm for one layer of Parafilm; we covered the
sample with three layers. Drying of the samples was then
performed in a controlled environmental chamber [relative
humidity of (45 ± 5)%, T = 21 ◦C].

The binocular used is a Zeiss Stemi 2000-C microscope
with a ring light mounted around the lens. An acA2040-
90um/uc camera from Basler is placed on the phototube
of the microscope. Pictures are taken every 120 or 600 s. A
BCE2241-1S scale from Sartorius is placed underneath the
binocular to measure simultaneously the mass of the sam-
ple every 60 s. The setup is placed in a climatic chamber
where the relative humidity was held fixed at (45 ± 5)%
and the temperature was maintained at 21 ◦C [25,26] by
using the system as designed by Boulogne [27] calibrated
with a Testo 645 humidity meter. The humidity-controlled
box that contains the setup is large: 90 × 70 × 60 cm3.
This fixed the boundary condition for the evaporation at
“infinity.” That this is reasonable follows if we compare
the box size and the evaporative-boundary-layer thickness

δ, which is the characteristic length for the evaporative gra-
dient. In Ref. [28] it is shown that δ is approximately to
0.77d for water evaporating from a tube, with d the tube’s
side length. If we assume that the tube is a good approxi-
mation for the water flow inside a porous stone, it follows
that the diffusion length is a fraction of the pore size d,
leading to δ ∼ 25 µm, which is indeed much smaller than
the box size.

III. RESULTS AND DISCUSSION

In Fig. 3(a) the water saturation over time is plot-
ted and compared for the cone-shaped samples drying
with either the large base (rl = 10 mm; dark blue) or the
small base (rs = 5 mm; light blue) facing upward. The
two drying regimes, consistent with the theory of drying
in porous media [29], can be seen in these graphs. The
basic phenomenological mechanism of drying in homoge-
neous porous media without the effect of gravity consists
of three distinct regimes: a constant-rate period (CRP), a
first falling-rate period, and a second falling-rate period.
The constant-drying-rate period during which the capil-
lary velocity is greater than the evaporation rate leads to a
homogeneous desaturation of the porous network by capil-
lary equilibration processes and the redistribution of water
throughout the whole medium.

The transition to the first falling-rate period occurs when
the liquid close to the surface of the porous medium
breaks into discontinuous wet patches and leads to a
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FIG. 3. Liquid saturation during one-dimensional drying in truncated cone–shaped Prague-sandstone samples filled with (a) pure
water and (b) 10-wt % NaCl solution as a function of time. (a) Evaporation from the large base facing upward (dark blue) and from the
small base facing upward (light blue). Two regimes of drying: a linear fit for the first part (dashed line) and a square-root-of-time fit for
the latter part (solid line). The arrows indicate the regime change. The residual saturation and time at the regime change are depicted for
both graphs with the dashed red lines. In (b) the graph representing the large base facing upward is shown (red) together with the graph
representing the small base facing upward (green) over time. The red line represents the average of three drying curves of different
measurements. The green line represents the average of four different measurements. The error bars are the standard deviation. The
large base has two CRPs (dotted and dashed lines) followed by an exponential fit for saturation smaller than 0.1 (solid black line). The
moisture-content evolution of the small base fits with a linear fit (solid black line), after which the saturation decreases exponentially
(dashed black line).

heterogeneous saturation profile near the surface. This
results in a dramatic decrease of the drying rate. In this
regime the evaporation velocity is greater than the capil-
lary velocity, which in turn is greater than the evaporation
velocity inside the porous medium. The drying rate is
thus governed by diffusion of vapor through the apparent
dry zone of the porous medium. A continuous liquid net-
work is still able to drain toward the interface of highest
evaporation throughout drying, regardless of pore size.

The second falling-rate period starts when the liquid
does not move inside with the liquid film in the porous
medium but simply evaporates. This second falling-rate-
period regime is hardly detectable with weight measure-
ments.

In our truncated cone–shaped samples, the water sat-
uration decreases with a constant rate over time (CRP)
until residual saturation S = 0.2 for the large base and
S = 0.25 for the small base. The constant-rate period is
2.4 times longer for the large base of the sample than
for the small base [the constant-rate period fits with S =
−0.0213t + 0.99 (dashed white line) for the large base
and with S = −0.0085t + 0.98 (dashed black line) for the
small base]. This is mainly because the evaporative flux
is not homogeneous over the evaporative surface area and
is higher at the periphery; this is in correspondence with
droplet evaporation and the resulting coffee-stain effect and
a similar fairy-ring effect in drying of cylindrical porous

media [20,30,31]. The evaporation rate is thus proportional
to the perimeter [30,31]; in our truncated cone–shaped
sample, the ratio between the perimeter of the two bases
is a factor of 2, in good agreement with the factor of 2 in
the drying rates measured experimentally.

The transition from the CRP to the first falling-rate
period occurs for both configurations at a residual sat-
uration of around 20% (S ∼ 0.2). For the large surface
area, the saturation over time fits with S = 0.28 − 0.029

√
t

(solid white line) and for the small surface area fits with
S = 0.29 − 0.015

√
t (solid black line). The square-root-

of-t dependence of the liquid saturation in the sample
indicates that during this period the drying of the cones
is governed by diffusion of the water molecules within the
porous medium.

When the samples are saturated with salt solution (1.7M
NaCl) [Fig. 2(b)] a remarkable difference can be observed
in the drying kinetics between the large base and the small
base [Fig. 2(b)]. First, one can notice, in general, that the
same cone-shaped samples dry more slowly when satu-
rated with salt solution than with pure water. For both
situations, the drying starts with a constant-rate period
again differing a factor of 2 [30,31]. It is interesting to note
that the large top facing upward has two constant-rate peri-
ods: one until t = 30 h (S = 0.48) and one afterwards until
t = 60 h (S = 0.14). Although this CRP continues for a
large surface area (red curve) up to residual saturation of
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(a)

(b)

FIG. 4. Top view of the crystallization pattern at the evaporative surface of cone-shaped samples saturated with 10-wt % aqueous
NaCl solution when (a) the large surface is facing upward and (b) the small surface is facing upward during drying.

0.14, this first linear regime represents a very short period
for the small evaporative surface. At residual saturation of
0.86, there is a transition to an exponential decay of the
moisture content over time.

To better understand theses differences, the crystalliza-
tion patterns were simultaneously followed by our observ-
ing the top surface of the cones. When the large surface is
facing upward during drying [Fig. 4(a)], we observe that
the drying first starts with a ring-shaped growth of salt
crystals known as the “fairy-ring effect” [20]. The higher

VIDEO 1. Top view of the crystallization pattern at the evap-
orative surface of cone-shaped samples saturated with 10-wt %
aqueous NaCl solution when the large surface is facing upward
during drying.

evaporation at the periphery induces the crystallization at
the perimeter of the evaporative surface area (see Fig. 3),
forming a ring similar to that resulting from the coffee-
stain effect or the fairy-ring effect as reported for salt on
top of a porous medium [20,31]. This is during the first
CRP as depicted in Fig. 3(b). After the fairy-ring for-
mation, the crystallization proceeds with the centripetal
colonization of salt crystals, similar to what was observed
by Eloukabi et al. [19] and Dueñas Velasco et al. [32].
This is during the second CRP as depicted in Fig. 3(b).
During evaporation, cycles of wetting and drying of the
precipitated crystals at the surface can be observed (see
Video 1). This is because the crystal precipitation on
the top, called “efflorescence,” forms a porous medium
itself with pores smaller than the stone itself [17] [see
Fig. 5(c)]. Because of capillary rise, this porous efflores-
cence structure can suck up by capillary pumping the salt
solution towards the outer layer of this salt layer, where
the evaporation is the highest and salt precipitation can
continue at the outer surface of the salt crust [18,33].
In our experiments where the large cone base is fac-
ing upward, after approximately 60 h, which corresponds
to a residual saturation of 0.14, the efflorescence stays
white, which indicates that it is dry, and does not show
further liquid imbibition anymore (wet stage). From that
moment the efflorescence pattern stops evolving at the sur-
face and remains unchanged. The exponential decay of the
evaporation becomes relevant at this time (after approxi-
mately 60 h), forming the third regime in the drying curve.
The transition to the exponential drying regime is related to
the increase of crystallization with time in the upper layer
of the subsurface as the sample has a lower saturation,
which in turn decreases the evaporative surface area [17].
At the end of drying, the efflorescence is strongly adhered
to the large surface of the cone and is hardly remov-
able by a brush. Scanning-electron-microscopy (SEM)
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(a)

(c)

(b)

FIG. 5. Self-lifting behavior of the salt crust on the top of a cone-shaped sandstone sample filled with 10-wt % aqueous NaCl solution
during drying with the small base facing upward. (a),(b) Top view where the expansion of the salt crust during drying is shown. (c)
SEM image of the intersection of the porous salt crust formed on the top of the cone, showing that the salt crust forms a porous medium
itself that can suck up solution during drying.

images (obtained with a TM300 tabletop microscope from
Hitachi) of the large evaporative surface of the cone show
that although the sandstone grains are covered with a layer
of salt, the shape of the grains and the pore space are
still recognizable. The pores remain open during drying
[Fig. 6(e)]. When the evaporative surface is the small base
of the truncated cone–shaped samples, we observe the
fairy-ring effect as well [Fig. 4(b)] [19,32]. Here the efflo-
rescence clusters, similar to cauliflower structures [16],
appear much earlier in time [Fig. 4(b)] and grow to a larger
size. At the very beginning of drying, before the ring is
formed, a short constant-rate period is observed [Fig. 3(b)].
Once the ring of crystals is completed, again centripetal
precipitation continues to cover the whole surface, mak-
ing a barrier for the direct access of the solution to the
air, which slows down the evaporation. Such dynamics of
efflorescence leads to an exponential decay of the drying
rate with time as the evaporative surface rapidly becomes
smaller with time, as shown by Desarnaud et al. [17]. It

should be pointed out that for the same liquid volume,
the reduction of the free surface for evaporation is conse-
quently achieved much earlier for the small base than for
the marge base being the evaporative surface. The moment
when the whole small surface is covered with salt clusters
corresponds to a time of approximately 40 h and a residual
saturation of 0.8. Further evaporation and crystallization
surprisingly lead to the lift-up of the whole efflorescence
crust from the surface of the cone [see Figs. 5(a) and 5(b)
and Video 2]. Such lifting up shows that the location of
salt precipitation is changing from the top surface of the
crust (which remains unchanged) to the bottom layer of the
crust. In Fig. 6(a) it can be seen that the efflorescence crust
grows several millimeters above the cone surface but can
be removed very easily, i.e., there is very weak adhesion
to the surface of the stone. SEM images and profilome-
try scans of the bottom of the crust reveal pillars (legs) of
salt crystals [see Figs. 6(c) and 7]. This is very reminis-
cent of the self-lifting of NaCl crystals from evaporating
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(a)

(c) (d) (e)

(b)

FIG. 6. Side view of dried cone-shaped samples initially filled with NaCl solution (10 wt%): (a) small base and (b) large base as the
evaporative surface. SEM images taken from (c) the bottom of the removed salt crust showing “legs” of salt that lift the crust up from
the small evaporative surface, (d) leaving a partly-salt-free area at the surface. (e) Surface of the large base showing that although the
quartz grains are covered with a tight layer of salt, the pores remain open.

droplets on hydrophobic surfaces due to the formation of
salt-crystal pillars [34].

As shown in Fig. 5, the salt crust that forms on the top
of the cone is a porous network by itself that by capil-
lary pumping is wetted by the salt solution during the early
stage of drying. As we do not observe any crystallization

VIDEO 2. Top view of the crystallization pattern at the evap-
orative surface of cone-shaped samples saturated with 10-wt %
aqueous NaCl solution when the small surface is facing upward
during drying.

on top of the crust after 50 h, we expect that the outer
surface of the crust at this point is not hydraulically con-
nected with the salt solution anymore (see Fig. 8 and
Video 2). Subsequently, crystallization occurs in the liquid
films beneath the crust at the top of the sandstone surface,
accounting for the lifting of this crust from below by the
pressure of growing crystals [17] (see Fig. 8). This locally
detaches the crust from the surface of the stone, inducing
an area with some salt-free zones with a collective macro-
scopic effect that translates into weak adhesion of the entire
efflorescence crust to the surface [Figs. 6(c) and 6(d)]. The
whole macroscopic crust can be subsequently detached and
removed very easily.

To better understand the relation between the crys-
tallization pattern and the drying kinetics for truncated
cone–shaped samples dried with different evaporative sur-
face areas, we have to examine the ion transport during
evaporation. The Péclet number characterizes the advec-
tive transfort and diffusive transport in a porous medium
and the dominance of one over the other. The Péclet num-
ber gives the ratio between upward advective transport
and downward diffusive transport of the ions during drying
[35–37] [Eq. (1)]:

Pe = UL
D∗ . (1)

As it depends on the velocity of the flow field and a char-
acteristic length Lchar of the system, it is an efficient way in
fluid-mechanical problems to determine the relative impor-
tance of advective flux with respect to diffusive flux. The
Péclet number for our measurements (see Fig. 9) is calcu-
lated over time by our taking the derivative of the average
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(a) (b)

(c) (d)

FIG. 7. Profilometry scans of the salt crust after drying on the small surface of the cone. (a),(c) Top scan of the salt crust, where the
height of the crust and the upper structure is visible. (b),(d) Bottom scan of the salt crust, where it can be seen that the sides are higher,
and the leg structure of the salt crystals is visible. (a),(b) Full 3D scan and (c),(d) line measurements of the crust.

drying curves (g/s) from our experiments every hour and
dividing this by the evaporative surface area to get the
advection speed U in meters per second. In the experi-
ments, we measured the mass change of the moisture con-
tent over time. From the m-versus-t curves, we calculated
an average drying curve for each geometry (experiments
where the large base is facing upward and experiments
where the small base is facing upward). To calculate the
Péclet number, an advection speed in meters per second
is needed to account for the upward liquid transport. We
assumed that in our experiments only water left the sam-
ple during the evaporation and that the measured mass is
the mass of water. With the density of water, we were
able to convert the measured mass change over time to a
volume change over time (cubic meters per second). We
assumed that for the infinitesimally small distance above
the interface between the cone and its environment that
the water molecules leave the cone only in the direction
perpendicular to the stone surface of the cone. Knowing
the volume change in cubic meters per second and the
evaporative surface area of the cone in square meters, we
were able to estimate the advection speed in meters per
second with which the water leave the sample by divid-
ing the change in volume by the evaporative surface area.
We have used this evaporation rate in meters per second
as U.

L is the characteristic length of the transport, in this case
the length of the cone (5 cm), and D∗ is the diffusion coef-
ficient (1.5 × 10−5 cm/s) of the ions in our porous material
[38–41]. As we show in the drying curves [Fig. 3(b)], due
to the blocking nature of the efflorescence in the case of
the small base facing upward, the evaporative surface area
changes, explaining the exponential drying behavior. From

Ref. [17] we know that

dm
dt

= −cA. (2)

For an evaporating drop, an analytical solution exits that
gives the evaporation rate in terms of the molar volume,
the temperature, and the diffusion coefficient of the water
in the vapor phase, since transport through the vapor phase
is the rate-limiting step. In this case, the evaporation rate is
proportional to the radius (perimeter) of the drop because
of the evaporative singularity at the edge [31]. For a porous
surface, the reasoning is the same: the evaporation is lim-
ited by diffusion, but now the ratio of the surface area to

FIG. 8. Top surface of the truncated cone–shaped sample sat-
urated with NaCl solution with the small base facing upward,
where the salt efflorescence crust is partially formed. The liquid
is indicated with blue. The blue crystals in the crust indicate crys-
tals that are wetted with the salt solution, and the gray crystals
correspond to the dried region without a liquid film. Evapora-
tion from the top is indicated with red arrows. Crystallization in
the capillary bridges beneath the crust (enlargement in the red
square) causes the formation of salt legs beneath the crust, lifting
the whole efflorescence from the sandstone surface.
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the perimeter length has to be taken into account, so that
as observed experimentally dm/dt is proportional to the
surface area A. So the constant c is given by the diffusion
coefficient and the total perimeter length of the liquid on
the porous medium, which gives an extra length scale in
the problem, which is the pore size of the porous medium.

Furthermore, we know that

dA
dt

= α
dm
dt

. (3)

This leads to

d2m
dt2

= −cα
dm
dt

. (4)

The constant α is given by the supersaturation exceeding
unity for secondary nucleation: the faster the rate at which
supersaturation reaches unity, the faster the crystals will
grow and block the pores. The supersaturation is given by
the rate of loss of water [15].

The solution of this equation is

m(t) = m0e−cαt. (5)

From the linear fit in the first regime for our data,
we were able to calculate dm/dt by making a linear fit
at the point before crystallization starts (dm/dt = −3 ×
10−6). Knowing the surface area of the small base (A =
0.79 cm2), we can calculate the constant c (c = 3.8 ×
10−6). From the exponential fit to our data and knowing
m0, we can estimate the constant α (α = 0.3625). Given
that

dm
dt

= −cm0αe−cαt (6)

and

dA
dt

= α
dm
dt

, (7)

we can estimate the change in evaporative surface area
over time by

dA
dt

= −cm0α
2e−cαt. (8)

This gives

A(t) = m0αe−cαt + X . (9)

Knowing A0 = 0.79 cm2, we find X = −0.12. This vari-
able surface area A(t) is used in the case of drying with the
small base facing upward. In the case of the large base fac-
ing upward, we observe from the SEM images in Fig. 6(e)
that the efflorescence is a thin film, leaving the pore space

open. The fact that this efflorescence is nonblocking is
confirmed by the constant drying rate of the sample until a
saturation S of 0.14.

Upward advection of the ions is dominant in case the
Péclet number is larger than 1 [35–37]. This causes a gra-
dient in the salt concentration, with a higher salt concentra-
tion at the top of the sample and inducing ions to crystallize
from solution as efflorescence on the evaporative surface of
the cone. When the diffusion of ions is dominant, the salt
concentration is more evenly distributed inside the sample,
causing more-dispersed crystallization in the stone, lead-
ing to subflorescence (crystallization within the pore) upon
evaporation.

It is interesting to note that in Fig. 9 for the same drying
conditions, the Péclet number differs significantly between
the two evaporative surfaces of the cone-shaped samples.
When the large base is facing upward (red curve) the ini-
tial Péclet number starts at a lower value (1.5), whereas
evaporation from the small base (green curve) leads to an
initial Péclet number of 2.7. The advection of ions is there-
fore more dominant in the latter case. This explains why
the precipitation of the salt efflorescence as a ring starts
much earlier (after t = 30 min) [Fig. 4(b)] than with the
large evaporative surface area (after t = 6 h). In both cases
this is a remarkable early start of efflorescence growth if
we take into account that the salt solution in the sample is
undersaturated (S = 0.3). Because of the high advection of
ions, supersaturation is reached locally at the evaporative
surface very quickly for both configurations of the cone.

Using the variable expression for the surface area A(t)
in the calculation for the Péclet number, we find that when
the small base is facing upward, the Péclet number stays
above 1.5 (Fig. 9) during the whole drying time. This high
advective flux explains the large amount of salt coming out
of the sample and precipitating as efflorescence.

To confirm the ion distribution over time as explained
by the estimations of the Péclet numbers, NMR was used
to investigate the transport of the moisture and ions inside
the cones by our measuring the concentration profiles over
time. In a constant magnetic field, the magnetic field of
nuclei can be manipulated by radio-frequency pulses. This
happens when the oscillation frequency matches the res-
onance frequency of the nuclei. The manipulation of the
nuclei results in a spin-echo signal. NMR is a resonance
effect in which the resonance condition for the nuclei
is given by f = γ B0, where f is the frequency of the
radio-frequency field, γ is the gyromagnetic ratio, and B0
is the applied magnetic field [35,42,43]. The resonance
condition allows NMR to be used to recognize certain
nuclei.

Air with a relative humidity of 45% is continuously
blown over the free surface of the sample. The frequency
of the rf coil is set to 33 MHz, which corresponds to the res-
onance of the H nuclei [43]. The spin-echo signal coming
from the part of the sample closest to the center of the rf
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FIG. 9. Evolution of the Péclet number over time for the
large base (red line) and small top (green line). The equilibrium
between advective and diffusive transport of the ions is depicted
with the solid black line. The Péclet number was calculated by
taking the derivative of the curve fitting the average curve of mul-
tiple measurements (three measurements for the large base, four
measurements for the small base) every hour. The arrow depicts
the liquid saturation at the time the Péclet number drops below
one in case of the red curve. Here, r stands for residual, so Sr is
residual saturation.

coil is measured. Then the frequency of the rf coil is set
to 9 MHz, which corresponds to the resonance frequency
of the Na nuclei [43]. Now the spin-echo signal for the Na
nuclei is measured. When the signals for the H nuclei and
the Na nuclei are determined, the sample is moved verti-
cally by a stepper motor and then again the signals for the
H nuclei and the Na nuclei are determined. This is done
until the entire moisture and Na profiles are determined.
Both the H signal and the Na signal are proportional to the
moisture content and the Na content. It should be noted

that no signal is obtained from NaCl crystals as the relax-
ation time is too short for the echo times used in these
experiments. For the analysis of the concentration profiles,
we divide each Na profile by the corresponding H profile.
By equating the first profile with the initial salt concentra-
tion introduced in the cone, we are able to calculate all the
concentration profiles over time (Fig. 10).

From these NMR profiles in both samples, we also
recognize the concentration gradient at the evaporative sur-
face as predicted from the high Péclet numbers already at
the start of the experiments: both samples show a concen-
tration peak towards 6M (the solubility of NaCl) at the
initial stage of evaporation at the surface of the sample
although the concentration of the initial salt solution used
is far below saturation.

When the small base of the cone is facing upward
with water evaporation [Fig. 8(b)], the ion concentration
increases homogeneously (although it stays below the sol-
ubility of sodium chloride) over the height of the sample
except at the evaporative surface (position 5 cm), where
a sharp increase of concentration can be seen. This sharp
peak of ions at the surface is also an indication of the loca-
tion where salt precipitation is happening, i.e., on the top
surface just outside the cone.

When the large base of the cone is facing upward, in
addition to the sharp increase of concentration at the sur-
face, further drying leads to the gradual increase of the
salt concentration 1.5 cm beneath the evaporative surface
(position 3.8–5 cm), leading to a second ion-concentration
area. This is also in a good agreement with the evolution
of the Péclet number, which becomes lower than 1 after
20 h, meaning that diffusion of ions in the sample becomes
more dominant than advection to the surface. From the dry-
ing curves in Fig. 3(b) and the Péclet number over time
(Fig. 9), it can be seen that the formation of this sec-
ond concentration region corresponds to the start of the

(a) (b)

FIG. 10. Concentration (moles per liter), determined by NMR measurements, versus evaporation time for cones filled with salt
solution with an initial concentration of 1.7M . (a) Large base of the cone and (b) small base as the evaporative surface. The position 0
corresponds to the bottom of the sample, the position 5 corresponds to the top evaporative surface.
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(a) (b)

FIG. 11. Bar plot depicting the percentage of detected salt as subflorescence versus the height of the cone-shaped sample
(0 corresponding to the bottom of the sample) filled initially with a 10-wt % aqueous NaCl solution after drying with the large base
facing upward (red bars) and with the small base facing upward (green bars). (a) Percentage of total salt introduced in the experiments
and (b) percentage of the total subflorescence.

exponential-decay regime. The liquid front loses contact
with the top surface and sinks into the cone itself, causing
salt precipitation as subflorescence. The Péclet number
drops even further at this point to almost zero (Fig. 9)
and no change in the efflorescence can be seen anymore
[Fig. 4(a) and Video 1].

At the end of the drying experiments, the amount of salt
left as subflorescence in the stone was quantified by our
measuring the conductivity of the salt solutions made by
our dissolving the salt inside different slices of the stone
samples. For that, the dried cone-shaped samples were cut
into five pieces. The top 0.5 cm and the bottom 0.5 cm of
the cones were cut off and three pieces of 1 cm were cut
from the middle. This was done without our using water
during cutting to prevent the subflorescent salt from dis-
solving. Because of the 0.2-cm diameter of the saw, in total
1 cm of the sample was lost in the process. The pieces
of the cones were placed in 50 ml of Milli-Q water for
24 h. After this time, the conductivity of the solutions was
measured and compared with the calibration curve. The
latter was constructed by our measuring the conductivity
of seven NaCl solutions with different concentrations. In
this way, we could estimate the amount of salt left in the
cone at different positions and the percentage of the total
salt detected as subflorescence at different positions inside
the cone (Fig. 11). The bar plots depicting the percentage
of salt ending up as subflorescence inside the cone after
the experiment [Fig. 11(a)] show that when the large base
is facing upward (56.9 ± 14.9)% of the salt ends up as
subflorescence, whereas for the small base facing upward,
(31.1 ± 21.6)% remains inside the cone. Also from the bar
plots in Fig. 11 we can see that apart from the top sublayer,
the amount of salt is more evenly spread over the cones
that dried with the small surface facing upward, which
is in good agreement with the NMR concentration pro-
files (Fig. 10). In Fig. 11(b) it can be also seen that most

of the subflorescence ends up around 1.5 cm beneath the
evaporative surface area of the cones for both geometries.
This corresponds to the same height where the second con-
centration peak in the NMR profiles can be seen (Fig. 10).
Clearly, when the large base is facing upward, there is con-
tinuity between the salt efflorescence and subflorescence.
In some way, the salt crystals and the grains of the stone
intertwine to create a strong adhesion, making the salt hard
to remove [Figs. 6(b) and 6(e)]. These observations are
in excellent agreement with real damaged artworks with
holes and cracks such as the tiles in the Palacio de Cristal in
Madrid shown in Fig. 1(b), where more salt efflorescence is
observed in the smaller delaminated areas of the glaze than
in the larger ones next to it. For future research it would be
useful to study a method to predict the amount of efflo-
rescence and subflorescence in real artworks by measuring
the drying rate and by real-time calculation of the Péclet
number. This opens novel routes for the conservation and
restoration of art, buildings, and cultural heritage.

IV. CONCLUSION

In conservation we are faced, in general, with situations
where salt crystallization is seen in complex situations at
the surface of layered or/and composite materials. Here
we show that the mechanism of efflorescence and sub-
florescence formation of salt is not only affected by the
evaporation conditions and material properties but is also
largely affected by the evaporative surface area for a given
material. By using truncated cone–shaped samples, we
have investigated the asymmetrical liquid flow for a given
volume of salt solution at a given concentration. We show
the impact of fluid transport from a larger region beneath
the surface to a smaller, localized evaporative area by pro-
viding more insight into the effect of the Péclet number on
the difference in crystallization seen.
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The small surface-area-to-volume ratio shows an
exponential drying regime after a very short constant-
rate period and a Péclet number (characteristic of the
advection-to-diffusion ratio of ions) greater than 1 for the
whole duration of the drying. The advection of ions being
the dominant transport leads to a high concentration gra-
dient towards the evaporative surface. As a consequence,
a large amount of salt efflorescence as porous clusters of
an assembly of microcrystalites forms from the early stage
of evaporation and will cover the surface during drying.
The efflorescence shows weak adhesion to the stone due to
the formation of localized salt-microcrystal pillars beneath
the salt crust. These are formed when the salt crust loses
hydraulic contact with the top surface of the salt crust.
The salt pillars collectively induce a weak adhesion of the
whole salt crust. Consequently, the salt crust can easily
be removed from the surface of the sample. In contrast, a
high evaporative-surface area-to-volume ratio exhibits first
a constant-drying-rate regime for a long period followed
by an exponential-decay period. In this situation, although
the initial Péclet number is greater than 1, it drops gradu-
ally below 1 with the decrease of moisture content, leading
to a more-even ion distribution beneath the surface. Con-
sequently, salt precipitation occurs both at the top surface
and also in the subsurface region, while keeping the porous
network of the samples open. The subflorescence is found
to be more interlaced with the efflorescence salt, leading
to strong adhesion to the porous materials and making the
salt hardly removable. Our findings are relevant in terms
of predicting damage over time, as what is reported in this
paper clearly shows that as the damaged area increases, the
risk of subsurface crystallization becomes higher, which
in turn can lead to greater deterioration due to crystal-
lization pressure and cracking. The results give an insight
into the dynamics of materials with aging and especially
give more insight into the reason for the self-amplifying
evolution of damage over time. One might think that a
small evaporative surface would lead to greater crystalliza-
tion beneath the surface as subflorescence and prevent salt
from escaping from the porous medium. Surprisingly, our
results show exactly the opposite; with the enlargement of
the evaporative surface area, the percentage of subflores-
cence increases. We explain the reason for this behavior
by our NMR measurements of ion transport in the liquid
with flow and during evaporation and the estimation of
the Péclet number. With the increase of the evaporative
surface area, the ratio between ion advection and ion dif-
fusion changes towards more ion diffusion, explaining the
increase of more crystallization in the subsurface.

The understanding of these principles could help to elu-
cidate the mechanisms behind the growth of different types
of efflorescence for the same salt in relation to the evap-
oration rate, asymmetrical fluid flow, and resulting ion
transport in a porous medium. The knowledge that by one
knowing the evaporation rate and the Péclet number that

the type of efflorescence and subflorescence is predictable
and can be measured and thus tuned in real time during
drying is very valuable for (art and heritage) conservation
science in order to propose solutions to prevent salt dam-
age and to develop better conservation strategies. Because
in time and with water, but with ions and different surface
areas as well, everything changes.

Data are available upon request.
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