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Drying plays a central role in various fabrication processes and applications of functional nanoporous

materials, most prominently in relation to energy storage and conversion. During such processes, liquid

coexists with air inside the sample, leading to transport as a result of concentration gradients of vapor

and/or liquid. Experimentally, it is extremely challenging to unravel this transport phenomenology inside

the hidden geometry of porous media. Here, we observe the drying of a model nanoporous material

(monolithic mesoporous silica glass, Vycor) with magnetic resonance imaging. We show that, for vari-

ous boundary conditions (air-flux intensities), no dry region develops, but the sample desaturates in depth.

This desaturation is almost homogeneous throughout the sample for weak air flux, while saturation gradi-

ents can be observed for sufficiently strong air flux. We demonstrate that the transport of water is mainly

ensured by liquid flow towards the free surface, resulting from a gradient of vapor pressure, associated with

local saturation (via the desorption curve), leading to a gradient of liquid pressure (via the Kelvin law).

Assuming otherwise standard hydrodynamic characteristics of the nanoconfined liquid, this results in a

diffusionlike model, which appears to represent experimental data very well in terms of the spatial distri-

bution of water over time inside the sample for various boundary conditions (air-flux intensities). Finally,

we propose a predictive model of the detailed drying characteristics of a nanomaterial from knowledge of

its pore size, permeability, and desorption curve. This provides an insight into the rational design of drying-

based processes employing functional nanoporous materials and allows for a mechanistic understanding

of drying phenomenologies in natural nanoporous media.

DOI: 10.1103/PhysRevApplied.18.054027

I. INTRODUCTION

Water transport in nanoporous media plays a central

role in many aspects of science and technology: shrink-

age or cracks during drying of clay, nanocolloidal gels

[1,2], or cement [3]; moisture transfer in cementitious

construction materials [4] and its impact on durability or

building comfort and heating [5]; hydrocarbon release in

low-permeability reservoirs [6]; sap flow in plants [7,8];

and the synthesis of and in operando performance of the

wide class of functional nanoporous materials [9,10]. Also,

considering the latent heat associated with liquid-vapor

transition, water sorption or desorption might constitute

a source of energy storage or harvesting and is already

of crucial importance in many technical cooling applica-

tions, most prominently the cooling of electronic devices

[10]. Also, capillary forces in pore space emerging upon

*Philippe.coussot@univ-eiffel.fr

drying can be used as bioinspired mechanical actuation

schemes [11–13].

The extraction of liquid from nanoporous systems can

involve some liquid flow, but the nanofluidic behavior

of liquids confined in nanopores is a subject of debate

[14,15]; the main questions are whether continuum fluid

mechanics still applies when the pore scale is not much

larger than the molecular size, and if the viscous fluid prop-

erties are similar. One nanometer is considered to be the

critical size, below which continuum mechanics does not

apply anymore, but various specific effects can occur just

above this limit [16]. For example, it was proposed that

standard hydraulic laws applied if one took into account

a slipping [17] or fixed molecular layer [18–20]. Also,

the usual capillary imbibition process [21] was shown to

follow the same rules at the nanoscale [8,22,23].

The desorption case is a priori more complex, as

now one can expect the coexistence of water and air in

nanopores at different stages of the process, with ques-

tions about the interactions between the liquid, the vapor,
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and the solid and the resulting transport properties. More

generally, there are questions about the free-surface hydro-

dynamics of the liquid in nanopores [24,25]. So far, most

studies have focused on evaporation from one-dimensional

(1D) or two-dimensional nanoporous systems, for which

the liquid-air interface was fixed [26–28] or observable

[29–31], so that the process could essentially be described

by taking into account evaporation and vapor diffusion

from relatively simple air-liquid interfaces. The drying

of three-dimensional (3D) nanoporous systems is directly

connected to various applications, but its study also con-

stitutes a greater challenge due to the difficulty of internal

visualization and theoretical description of a two-phase

flow through a complex medium.

During drying of real (3D) micro- or macroporous

media, pore-network effects occur that sensitively depend

on geometrical parameters such as the ratio of pore length

to pore diameter, tortuosity, and interconnectivity [32–

34]. However, usually, they homogeneously desaturate

[35–38]. This is due to dominant capillary forces, which

increase when the pore size decreases, and which induce

sufficiently fast equilibration of the water content (and

thus, of the Laplace pressure) throughout the medium.

Then, below some critical saturation (current liquid vol-

ume divided by the void volume in the absence of liquid,

denoted as S) and air flux, a dry region develops from the

free surface [38–40]. It is not clear whether similar effects

can take place in nanoporous media, as internal obser-

vations in such systems are scarce. Magnetic resonance

imaging (MRI) of drying nanocolloidal gels (made of sil-

ica beads with radii down to 6 nm) under a single air flux

nevertheless shows that some saturation gradient devel-

ops from the beginning of the experiments until the end,

but no dry region appears [1,38]. Thus, remarkably, such

nanoporous samples are still able to desaturate in depth

more or less like macroporous materials, but the exact

physical origin and dynamics are not yet established.

Here, we provide a rigorous analysis of the drying of

a nanoporous solid based on the analysis of NMR mea-

surements, giving detailed information on the local liquid

content at any time during water extraction from a model

nanoporous material under different conditions. Through

a detailed theoretical description of the physical mech-

anisms, we finally show that water transport is mainly

ensured by liquid flow resulting from a gradient of vapor

pressure, and assuming otherwise standard hydrodynamic

characteristics, so that the whole process of extraction is

very well described by a diffusion model with a diffusion

coefficient that, as a first approximation, can be considered

as constant.

II. MATERIALS AND METHODS

We use porous Vycor glass (Corning glass, code 7930),

a virtually pure fused silica glass permeated by an

isotropic three-dimensional network of interconnected tor-

tuous pores [41,42]. From the nitrogen-sorption isotherm,

the surface area is found to be 100 m2/g, the average pore

radius is r = 4.6 nm, and the pore volume is 0.218 cm3/g.

For such materials, the pore size distribution is generally

narrow [43,44]. The ratio of the pore length to diameter

lies between 5 and 7, and the sample porosity is ε = 0.3

[34]. The water sorption and desorption curves for such

a material are provided by Gruener et al. [23]. We use

samples with a main axis length of 1.2 cm and section of

4 × 6 mm2.

For drying experiments, we start by placing the dry

sample in contact with distilled water, which ensures full

saturation. Then, all the faces of the sample, except one

(its “free surface”), are covered with Teflon, and the sam-

ple is submitted to a dry-air flux along this free surface

(see inset of Fig. 1), which induces the transport of water

along its main axis towards the free surface. The temper-

ature is (21 ± 1)◦C. The drying rate increases with the

air-flux intensity, which may be understood as a result of

the decrease of the thickness of the (boundary) layer of

exchange, through which the vapor has to diffuse to reach

the dry region. As we see in Sec. IV, the most straight-

forward way to characterize the air flux is through this

layer thickness (δ), which can be estimated from the ini-

tial drying rate, i.e., when the sample is saturated. The

sample is inserted into a Bruker NMR minispec mq20

instrument, 0.5 T. We measure the transverse relaxation

time, T2, of water protons using a Carr-Purcell-Meiboom-

Gill sequence [45] with the main following parameters:

number of scans, 256; echo time, 0.4 ms (i.e., less than

the minimum T2 for adsorbed water); and repetition time,
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FIG. 1. Relaxation-time distribution for an intermediate air

flux (see Sec. II) (δ = 8.5 mm) at different times during dry-

ing: every 3 h (continuous black lines), then every 6 h (dashed

red lines). Initial distribution is the thick blue line. Inset shows a

schematic of the experiment.

054027-2



DRYING OF A NANOPOROUS SOLID. . . PHYS. REV. APPLIED 18, 054027 (2022)

2 s, for a total measurement duration (for one T2 distribu-

tion) of 5 min. Such data may be analyzed to obtain the

probability density function (PDF) of the NMR relaxation

time T2, which we call the relaxation-time distribution.

Details of this technique and the physical interpretations

are described elsewhere [46,47]. Roughly speaking, for

such small pores, the relaxation time is related to the

mobility of water molecules. More precisely, according to

the Brownstein and Tarr model [48], under the assumption

of biphasic fast exchange, the relaxation time scales with

the ratio of the volume of free liquid water to the area of

the water-solid interface, with a factor that depends on the

interactions of the water molecules with the surface.

During the same tests, it is also possible to get, with

the spin-echo sequence, 1D NMR profiles of the water

content with this NMR system equipped with a 4 T/m ver-

tical pulsed gradient unit. These 1D profiles obtained by

Fourier transform represent the spatial distribution of water

along the sample-drying axis, each data point correspond-

ing to the free-water content in a cross-section layer of

thickness equal to the spatial resolution. The main param-

eters used are number of scans, 256; echo time, 7.2 ms;

field of view, 20 mm; number of pixels, 128; and repeti-

tion time, 2 s, for a total measurement duration of 5 min.

However, in the present context, the profiles obtained from

this procedure can be seen as qualitative because of the

standard weighting of the signal amplitude in the spin-

echo sequence by a factor exp −TE/T2, in which TE is

the echo time and T2 is the most representative transverse

relaxation time of the slice. In other words, the NMR sig-

nal in these profiles may be affected by local relaxation,

which is rather fast for water in such nanopores. The strong

dependency of the relaxation time on saturation (Sec. III

A) allows the development of a deweighting procedure to

recover quantitative profiles (i.e., a local signal amplitude

that is effectively proportional to the local water mass con-

centration). Toward this aim, we use the straightforward

correspondence between T2 and saturation in the case of a

homogeneous desaturation of the sample under very slow

drying conditions (Sec. III B), which allows the corre-

sponding spin-echo weighting to be deduced for each layer

at each time during drying. Note that, with this procedure,

due to increasing noise for lower saturation, reliable data

can be obtained only for a saturation larger than 0.25.

III. RESULTS AND DISCUSSION

A. General characteristics

A typical evolution of the relaxation-time distribution

during drying is shown in Fig. 1. By integrating this distri-

bution over the whole range of relaxation times, we obtain

the total NMR signal over time, from which we can deduce

the average saturation (as the ratio of the current to the ini-

tial total NMR signal, i.e., S̄) versus time curve for our

different experiments.

The qualitative evolution of the relaxation-time dis-

tributions is similar for all our experiments. The initial

distribution, which corresponds to the sample saturated

with water in the liquid state, exhibits only one relatively

narrow symmetrical peak situated around a relaxation-time

value of 12 ms. This single peak further supports the valid-

ity of the fast-exchange assumption [49], i.e., in which,

thanks to self-diffusion, the water molecules reach the solid

walls a large number of times during NMR relaxation, so

that, according to the Brownstein and Tarr model [48], the

relaxation time is proportional to the ratio of the liquid

volume to the wetted surface area. Note that, since the typ-

ical length of diffusion of a water molecule over a time

duration of 12 ms is in the order of 10 µm, the relaxation

time results from an exploration of the medium over a dis-

tance much larger than the pore size, and thus, is related

to the average volume-to-surface ratio well beyond the

local heterogeneities. During drying, the amplitude of this

peak decreases, as a result of the water content decreas-

ing, and simultaneously the peak shifts towards shorter

relaxation time. This is consistent with a fast-exchange sit-

uation, in which essentially the liquid volume decreases,

while the wetted area does not vary significantly. More

precisely, the average relaxation time of each distribution

appears to evolve very similarly to the water content (see

Fig. 2), which exactly corresponds to the prediction of the

Brownstein and Tarr [48] model, assuming that the area

of the solid-liquid interface remains essentially constant.

Our observations thus demonstrate that the liquid wets

most of the solid surface throughout the drying process.
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FIG. 2. Imbibition of a Vycor sample: water mass (propor-

tional to the NMR signal) associated with each region of relax-

ation time, i.e., below (adsorbed water) or above (pore water)

4 ms, as deduced from the integral of the probability density

function in these ranges. Black dashed line is the Washburn

model fitted to data (see text). Inset shows the distributions of

transverse relaxation time at different times during imbibition

(black curves from bottom to top): 3, 6, 11, 19, 32, 49, 66, 75 min.

Red dotted line is the initial distribution (before imbibition).
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Finally, the distribution approaches a peak centered around

0.9 ms. It may nevertheless be noted that, during desatura-

tion, there is also a progressive slight spreading of the peak,

i.e., the width of the distribution increases, which suggests

that some slight saturation heterogeneity also develops in

the sample, leading to different T2 in different parts of the

sample.

It is worth noting that, in the last stage of drying,

the average saturation slowly but continuously decreases

towards lower values. At the end of our experiment, sat-

uration, which is still decreasing, reaches a value in the

order of 7%. Assuming a homogeneous layer covering the

solid surface, this value equals the ratio of the specific area

times the layer thickness to the pore volume. Under these

conditions, the mean thickness would be 0.15 nm, about

half the water molecule’s diameter. This suggests that, in

this stage, there is only partial coverage of the solid surface

by water molecules.

It is also remarkable that when the sample in such a

state is now placed again in contact with a liquid bath,

which leads to progressive imbibition, the initial peak

located around 1 ms progressively disappears as the sam-

ple is invaded by water, while a peak appears at much

longer relaxation time, say around 10 ms (see inset of

Fig. 2), the amplitude of which grows over time. This

corresponds to the progressive penetration of water in the

sample. Indeed, as soon as a pore is invaded by water, the

water molecules initially adsorbed along the surface and

exhibiting a short relaxation time are now just molecules

among others in the pore; all the water molecules now

take part in the fast-exchange process, leading to a single

relaxation time, longer than that associated with surface

relaxation.

We can further quantify this process through the inte-

gration of the PDF over the range of relaxation times,

including this growing peak, i.e., say between 4 and 25 ms.

The curve of the resulting signal as a function of time is

typical of a diffusion or capillary imbibition process [21],

i.e., with variation as a function of the square root of time

(see Fig. 2). Remarkably, the relaxation time of pore water

remains constant over time (see inset of Fig. 2). This con-

firms that water invades the medium by progressively fully

saturating a region of increasing thickness. This is also

confirmed by MRI measurements of 1D water-content pro-

files (see Appendix A). This process, in fact, corresponds

well to capillary imbibition, as assumed in the Washburn

model. The evolution of the signal associated with the ini-

tially adsorbed layer confirms this analysis: its amplitude

progressively decreases as the signal of water at longer T2

increases (see Fig. 2). Note that, although it corresponds to

the noninvaded region, the adsorbed-water signal does not

seem to decrease with the square root of time, as expected

from the above analysis. This likely due to the uncertainty

in measurements for such a low signal amplitude, and the

impact, on the Laplace transform used to get the PDF, of

the presence of a nearby large peak associated with pore

water.

B. Detailed drying characteristics

Differences in the drying characteristics appear when

looking at the saturation against time curves (see Fig. 3).

For sufficiently slow air flux, i.e., large δ (see definition

in Sec. IV), the drying rate (i.e., water-mass loss per unit

time), proportional to the slope of the saturation versus

time curve, remains constant down to low saturation, then

progressively decreases (see inset of Fig. 3). For stronger

air flux, there also exists an initial period of constant dry-

ing rate, but this period extends over a shorter range of

saturations as the air flux is increased.

These trends are associated with specific characteristics

of the 1D profiles presented in Fig. 4(a). First note the con-

sistency of these data with those extracted from the PDF:

the saturation found by integration of the 1D profiles at

different times corresponds to the saturation deduced from

the integration of the distributions of relaxation time (see

Fig. 3). Also note that these 1D profiles likely reflect a

homogeneous situation in the radial direction. Indeed, sig-

nificant edge effects are very unlikely, as they would barely

allow perfectly homogeneous desaturation down to low

values, as in Fig. 4(a): edge effects with different impact

would occur at different depths in the sample, which are

associated with different edge contexts.

For sufficiently weak air flux, rapidly after the begin-

ning of the experiment, the 1D profiles exhibit a slight
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FIG. 3. Total water content over time during Vycor sam-

ple drying under different air fluxes (resulting in different

boundary-layer thicknesses). Current-to-initial-relaxation-time

ratio is represented for some tests (dashed lines). Black filled

square symbols correspond to saturation computed from the 1D

profiles shown in Fig. 4(a). Inclined straight dotted lines are

guides for the eye. Inset shows the corresponding drying rate

[saturation variation per unit time (in hours)] for different tests

(same symbols and colors).
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FIG. 4. Saturation distribution (1D profiles) along sample-

drying axis at different times during drying with different air-

flux intensities: (a) δ = 17.7 mm, profiles every 7.8 h; (b) δ =
8.5 mm, profiles every 6 h; (c) δ = 3.2 mm, profiles every 1.5 h,

from initial time. Continuous lines correspond to NMR mea-

surements, dashed lines to model predictions. Note that here

saturation is obtained by dividing the local NMR signal by the

initial NMR signal averaged over the sample length.

slope and then remain parallel to each other [see Fig. 4(a)].

Thus, remarkably, during drying, (i) the nanoporous mate-

rial starts to desaturate in depth while its mean saturation

only slightly decreases, and (ii) no dry region develops

below the free surface.

This is reminiscent of the drying characteristics of sim-

ple micro- or macroporous systems, typically bead pack-

ings [38], clay [36], or cellulose paste [50], for which

saturation is observed to remain perfectly uniform down

to a value of 30% or lower. This results from capillary

effects able to establish, by inducing liquid transport, a

saturation equilibrium throughout the sample, sufficiently

rapidly with respect to the drying rate imposed by exter-

nal conditions [51]. Note that, in channels of a few

tens of nanometers (i.e., sufficiently larger than the crit-

ical size of nucleating vapor bubbles [52]), instead of

the standard air-path propagation associated with capil-

lary effects, cavitation is observed to be at the origin of

a desaturation in depth (i.e., at some distance from the

open surface of the sample) [52]. As for the standard

capillary re-equilibration process, the air-liquid interface

along the open surface of the sample remains almost

the same. This situation allows a constant drying rate

to be maintained, as constant humidity conditions are

maintained in the sample and, in particular, along its

free surface (i.e., around 100%) from which the vapor

diffuses. Moreover, for such simple micro- or macrop-

orous systems, when liquid transport induced by capillary

effects is not sufficiently fast, with respect to the initially

imposed extraction rate, because now the permeability is

too low [51], a dry region starts to develop from the free

surface. Then, the drying rate results from vapor diffu-

sion, from the liquid-air interface now situated inside the

medium, to the free surface. Note that this is an “appar-

ently dry” region, since the saturation is here generally

appreciated with respect to the saturation measured in

the main wet region. For example, a nanolayer of liquid

molecules covering the solid surface in the “dry” region

can barely be detected with the technique used in such

cases.

Here, we see that, for a nanoporous medium, despite a

very low permeability (it scales with the square of the pore

size), an almost homogeneous desaturation is maintained

down to low (mean) saturation, and no dry region devel-

ops. Such a result is likely to be general for a nanoporous

medium with a connected pore network, since it is also

obtained with silica-bead packings for a single air flux

and different bead sizes from 40 to 6 nm [38]. Moreover,

here, no clear dry region tends to develop when the air-flux

intensity is increased: now the slope of the saturation dis-

tribution becomes steeper at the approach of the sample’s

free surface, and the overall slope increases for stronger air

flux, but saturation still seems to tend to zero only at the

approach of the free surface, even after significant drying

[see Figs. 4(b) and 4(c)]. This suggests that the domi-

nant physical effects at play during drying of a nanoporous
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material differ from the usual effects taking place in porous

materials with larger pores. More precisely, there need to

be stronger forces maintaining contact between the liquid

and the solid, but also allowing the liquid to flow through

the sample sufficiently rapidly.

Furthermore, looking more globally at the saturation

distribution over time (see Fig. 4), we can infer that these

effects can lead to some diffusion process through the sam-

ple, resulting from some rate of extraction imposed at the

boundary. Indeed, for a low rate of extraction, the liq-

uid has time to almost uniformly distribute throughout the

sample, but still some gradient of concentration should

exist to induce a flow towards the boundary. For a larger

extraction rate, this gradient of concentration has to be

larger, and this effect is stronger at the approach of the

region of liquid extraction.

Finally, if, in addition, we take into account both the

above observations and studies on light [53–57] and neu-

tron scattering [58], for a similar sample upon drying, we

can conclude that the vapor phase invades according to

an invasion percolation mechanism into the nanoporous

medium, for which the interconnectivity of the pores plays

an important role [59,60]. Additionally, a pore-network

study of the Kelvin effect for drying of mesoporous mate-

rials offers reasonable arguments for a rapidly equilibrated

drying process with homogeneous desaturation over time

[61]. It is not sufficient for the humidity to be reduced

below the pressure that drains a pore of a given radius; if

this pore also has unrestricted access via a percolation path

of empty pores to the surface, it can be emptied quickly.

If it is blocked by smaller pores, it cannot drain until a

sufficiently low value of humidity is reached to empty the

narrowest blocking pores. As a result, the random con-

nectivity leads to an interconnected disordered network

(or cluster) of drained pores. Additionally, consider the

liquid flow and coexistence of menisci with different cur-

vatures, and thus, Laplace pressures. Menisci in large-pore

segments are receding, since they have a larger curvature

radius, and thus, a smaller Laplace pressure counteracting

the desaturation flux, i.e., the Laplace pressure at small

menisci. These clusters soon reach sizes on the order of the

visible-light length scale, i.e., fractions of a micrometer, so

that strong light scattering is observable upon drying in the

entire sample [53–57]. In fact, a detailed analysis of light

scattering allows one to confirm predictions of the invasion

percolation theory with regard to the vapor-cluster geome-

tries, most prominently the determination of their fractal

dimension, df = 2.6.

Of course, we have no direct evidence for this sce-

nario; however, based on the rigorous neutron- and light-

scattering analysis described above, we suggest, for our

drying geometry, that percolating fingers of large empty

pore clusters start from the surface and quickly reach the

bottom of the sample, see the panel sequence (a) to (b) in

Fig. 5. In this propagating mode (regime I), a small satu-

ration gradient from the top to the bottom is present. As

soon as the invasion percolation fingers reach the sample

bottom, they laterally increase in size, so that a homoge-

neous desaturation of the sample takes place [see Figs. 5(c)

and 5(d)] until the sample is completely dry, except for a

few monolayers of water adsorbed at the pore surface in

the entire sample.

In the following, we describe theoretically the processes,

with the help of quantities, that must be understood as

averages over sample volumes much larger than these

heterogeneities. Note that the above description, in terms

of percolating paths, suggests that a similar phenomenon

would take place during a standard desorption experiment,

so that, in fact, the desorption curve would not necessarily

represent a homogeneous situation at a local scale.

IV. MODELING

Let us examine more precisely the physical effects tak-

ing place in this process, starting with the drying conditions

imposed by air flux. Drying occurs as a result of some

(a) (b) (c) (d)

FIG. 5. Illustration of the drying process in nanoporous silica glass. Invasion percolation clusters of partially empty pore segments

(blue) propagate from the top to the bottom (a),(b) through the saturated sample (yellow). Upon reaching the bottom, clusters increase

homogeneously in size, resulting in a homogeneous desaturation (c),(d). Insets in (a) show detailed aspects of the structure at the pore

scale (typical pore size about 10 nm) in two different regions (empty or saturated). Please note that the illustration of the desaturation

process represents the authors’ naïve imagining of the invasion percolation process, as it is rigorously shown to occur in drying of

Vycor by light- and neutron-scattering experiments [53–57].
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imbalance between the humidity conditions inside the

sample and the external conditions. Here, the imbalance

is maintained by the dry air flux above the sample sur-

face. Since the air flux can hardly penetrate the sample,

which is a finely divided dead-end network, the air essen-

tially steadily flows along this surface. For such an air flow

along a wet surface, it may be shown, from the solution

of the advection-diffusion equation, that along the normal

direction above each point of the surface the gradient of

RH (Relative Humidity), noted n, is almost constant, so

that, as a first approximation, the vapor diffuses freely from

the sample surface over a distance δ where it reaches the

region where RH is equal to n0. The value of δ depends

on the position along the sample surface, on the surface

shape and size, and on the air-flux characteristics. It is

then natural to assume that a single average value of δ,

associated with given geometrical and kinematic condi-

tions, allows the whole process of vapor transport above

the sample surface to be represented [62,63]. It is worth

emphasizing that, under these conditions, the drying rate

results from the diffusion of vapor from the free surface,

where RH is equal to ni, to the distance δ, where RH is

equal to n0 (see the inset of Fig. 1); thus, δ is indepen-

dent of the water-transport phenomena occurring inside the

sample, and the drying rate depends only on these phe-

nomena through the value ni to which they lead. More

precisely, according to Fick’s law, in this boundary layer,

the vapor flux, which is also the drying rate, may finally

be written as J0 = −ρ0D0∇n, where ρ0 = 0.0185 kg m−3

is the saturation vapor density at our ambient temperature,

D0 = 2.7 × 10−5 m2 s−1 is the coefficient of diffusion of

vapor in air, and ∇n = ∂n/∂x = (n0 − ni)/δ (x is the dis-

tance along the direction of transport). δ can be directly

estimated from the initial drying rate of the sample, since

in this case ni is known. Considering the desorption curve

of the Vycor sample, here, ni is initially equal to 1, but

then we have a decrease of ni towards 0.8 without a signif-

icant change in saturation, so that finally the initial drying

rate deduced from our data is essentially associated with

ni = 0.8. The values for δ indicated in this paper are esti-

mated in this way. Afterwards, i.e., during drying, the

current drying rate will depend on the mechanism of water

transport in the whole medium, leading to a value of ni

possibly varying over time.

A. Vapor transport

During drying, water is transported through the sam-

ple towards the free surface, and then diffuses in the

form of vapor through the boundary layer. This inter-

nal transport can occur in the form of vapor diffusion or

liquid flow. The vapor diffuses in the air network through-

out the material as a result of some RH gradient, ∇n.

Since the pore size is smaller than the mean free path of

water molecules (l ≈ 100 nm [64]), i.e., a large Knudsen

number (molecular regime), the diffusion coefficient is

approximately ε(1 − S)Dv/τ [64], in which τ is the tor-

tuosity of the void network in Vycor (τ ≈ 3.5 [23,65]),

ε(1 − S) is the volume fraction of the void network, and

Dv = 2rD0/l. The resulting mass flux is written as Jv =
−ρ0(ε(1 − S)Dv/τ)∇n. Here, the gradient of n can be esti-

mated from the 1D distributions of S(x) and the desorption

curve, assuming we have a local equilibrium situation, i.e.,

n = n(S), at any time. This assumption seems realistic con-

sidering the very slow variations (slight changes of n over

hours) of the local humidity with time during these drying

tests. The validity of this assumption is checked in the case

of cellulose-fiber drying [63]. Notably, from our data, the

vapor mass flux estimated from the above equation appears

to be much lower than the observed mass flux by a factor of

several orders of magnitude. This means that the contribu-

tion of vapor flux due to the RH gradient inside the sample

is negligible, with regard to vapor transport outside, in par-

ticular, just above the sample top. This implies that most of

the water supplied for vapor transport in the boundary layer

does not originate from vapor transport deep in the sample,

but rather comes from the liquid situated close to the free

surface of the sample. As a corollary, water transport inside

the sample mainly occurs in the form of liquid flow until

the water reaches the sample top and finally evaporates.

Moreover, we do not have information about the contact

between Teflon and the Vycor sample, but (i) a liquid layer

of thickness significantly larger than the pore size cannot

exist, as it cannot be at equilibrium with the mean satura-

tion in the sample and the corresponding Laplace pressure;

and (ii) if a liquid layer of significant thickness forms, it

will induce the presence of a small peak situated at longer

T2 in the PDF. Thus, if the contact with Vycor is imper-

fect, and leads to the existence of some layer of thickness

larger than the pore size, this layer is a priori filled with

vapor. As a consequence, water transport in this layer is

associated with vapor transport, which can be estimated in

the same way as for vapor transport through the porous

structure (see above), so we can conclude it is negligible.

B. Liquid transport

Liquid motion in the porous medium results from some

pressure gradient that comes from the gradient of satura-

tion through the sample. For sufficiently large pore sizes,

this induces a gradient of Laplace pressure due to capil-

lary effects, as the meniscus size decreases for decreasing

saturation [38]. Nevertheless, in that case, although we

know that the Laplace pressure increases as the satura-

tion decreases, the exact theoretical relationship between

these two variables is extremely difficult to establish from

wetting characteristics and geometrical considerations. As

a consequence, we cannot predict exactly the rate of liq-

uid transport due to capillary effects. The advantage of

a nanoporous medium that saturates when submitted to
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FIG. 6. Water sorption and desorption curves of the Vycor

sample. Inset shows the value of the saturation-dependent param-

eter of the diffusion coefficient computed from the desorption

curve and the empirical model for permeability of the partially

saturated porous medium.

a RH increased up to 100% is that, for a process like

drying, during which saturation decreases over time, the

relationship between the pressure in the liquid and satu-

ration can be directly derived from the desorption curve,

i.e., S(n) (see Fig. 6). Moreover, considering the slow

variations of saturation with time (over hours), the local

saturation and liquid-air interface are at equilibrium with

the surrounding vapor at any time and position inside the

medium. Indeed, since the velocity of vapor molecules is

in the order of 400 m/s (as deduced from the expression

of thermal energy as the mean kinetic energy of the par-

ticles), while the pore size is a few nanometers, the time

needed for a vapor molecule to reach a liquid layer along a

wall is in the order of 10−11 s. This time is then also the

characteristic time for an elementary exchange between

vapor molecules and a molecule of the liquid phase. The

volume of a pore is in the order of 43 nm3, so the maxi-

mum number of water molecules (of volume 0.343 nm3)

is (4/0.34)3, i.e., in the order of 1600. The maximum time

for complete exchange of the water molecules in the liquid

phase is thus less than 10−11 × 1600, i.e., less than 10−8 s,

which is well below the characteristic time of variation of

the local saturation, which is derived from the character-

istic time of drying (hours). This implies equality between

the pressure, PL, in the liquid and the vapor water poten-

tial, i.e., (RT/�m) ln n, which gives the so-called Kelvin

equation:

PL = (RT/�m) ln n(S), (1)

in which �m = 18 cm3 mol−1 is the molar volume of

the liquid and R is the molar gas constant (R =
8.31 J K−1 mol−1).

To describe the flow of the liquid network through the

structure, we can write Darcy’s law, which relates the

pressure gradient to the flow rate, i.e., ∇PL = µV/k, in

which µ is the liquid viscosity, k is the permeability of the

medium, and V is the mean velocity through the structure

(i.e., the ratio of the liquid flow rate per sample cross-

section area). The permeability of the partially saturated

medium may be expressed as k = k0f (S), in which k0 is

the permeability of the saturated medium (S = 1), and f

is a function decreasing from 1 to 0 as S decreases to 0.

Taking the gradient of Laplace pressure into account,

Darcy’s law for the liquid network is written as

µ

k0f (S)
V =

RT

�m

∇(ln n(S)) =
RT

�m

n′(S)

n(S)
∇(S). (2)

We deduce an equation for the water volume concentration

in the sample, i.e., ϕ = εS, where ε is the porosity, similar

to Fick’s first law, V = −D∇ϕ, with

D(S) =
k0RTfn′

εµ�mn
. (3)

Fick’s second law for ϕ, from which we directly get a dif-

fusionlike equation for S (the mass flux is J = −ρD∇S),

states

∂S

∂t
= ∇(D∇S). (4)

Thus, we expect the drying characteristics to be the

result of a process described by a nonlinear diffusionlike

transport equation, with an effective-diffusivity coefficient

that depends on the local saturation value, and boundary

conditions evolving with saturation around the free sur-

face, as above described. Note that similar equations for

unsaturated transport in porous media are obtained, with

analogous principles of derivation, e.g., the well-known

Richards equation [66], or different approaches developed

for cementitious materials [64] and for textiles [63] that

take into account both vapor and liquid transport through

porous systems. The specificity of our approach is the

quantification of the Laplace pressure variations through

the sorption curve.

Actually, we can estimate the value of the saturation-

dependent factor fn′/n from the slope of the desorption

curve and using a power-law model for the perme-

ability of partially saturated porous media, i.e., f =
(S − Sc)

3/(1 − Sc)
3, in which ψc corresponds to some

residual liquid layer. Here, in view of all our data, we

take Sc = 0.035, which appears to be the minimum satu-

ration level reached during drying tests (see Fig. 3), and

thus, corresponds to this residual liquid layer. Such an

expression is most frequently assumed in the literature; in

particular, it corresponds to that proposed to represent a

wide set of experimental data [67] and is close to various
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other theoretical expressions [68]. Moreover, it represents

existing data very well for bead or granular packings (see

Ref. [69]). One may remark that the structure of the Vycor

porosity, which differs from that of granular packing, might

induce some different trends, but we are not aware of exist-

ing data for that system. However, the validity of the model

for a wide range of materials, either monodisperse or poly-

disperse, thus exhibiting different porous structures, sug-

gests it can reasonably be extended to the Vycor structure.

Finally, from abovementioned data, we can suggest that

the uncertainty associated with the use of this model is less

than 20% for a saturation higher than 0.4, but significantly

increases as the saturation decreases to the critical value.

Under these conditions, it appears that, despite the

strong variations of n and f over the whole range of satu-

rations, the factor fn′/n remains approximately constant for

S in the range of 0.1–0.8 (see inset of Fig. 6), i.e., we have

fn′/n ≈ (0.0145 ± 35)%. This means that a good approxi-

mation of the process can be obtained by using a constant

diffusion coefficient in Eq. (3).

Additionally, we can estimate k0 from the imbibition

test (see Fig. 2). Indeed, in that case, we have a saturating

front advancing in the medium, at a height h as a func-

tion of time t, given by the Lucas-Washburn model [21],

h = 2
√

k0tσ cos θ/εrµ, in which σ is the surface tension

and θ is the contact angle. Note that here we estimate

the Laplace pressure to be due to a meniscus of radius

r at any time, which is a critical simplification. We also

assume perfect hydrophilicity, i.e., θ = 0. This can be jus-

tified since the contact angle enters with the cosine into the

Lucas-Washburn equation. Even if θ deviates from zero

(cos θ = 1), a contact angle of up to 25°, as reported for

silica surfaces that are not specifically cleaned, would only

change the result of the cosine to a value of 0.9. Fitting

this curve to data, assuming the sample top (h = 1.2 cm)

is reached at the plateau of the NMR signal (see Fig. 2), we

find that K = k0σ/εrµ ≈ 14.3 × 10−9 m2s, from which

we deduce k0 ≈ 2.7 × 10−19 m2, with an uncertainty in

the order of 2%. Such a value is consistent with previous

observations, based on gravimetric imbibition experiments

[42], on a similar Vycor sample, leading to a hydro-

dynamic tortuosity of 3.6; the permeability can then be

approximated by k0 = r2ε/8τ , resulting in 2.2 × 10−19,

which is close to the value inferred in our analysis.

Finally, from Eq. (3), we get D(S) ≈ 1.8 × 10−9 m2 s−1.

Remarkably, this value is close to the almost-constant

value obtained by Page et al. [54] through a different

approach for hexane desorption from Vycor.

The predictions of this simple model, i.e., Eq. (3) with

the boundary conditions J (x = H) = ρ0D0ni(S)/δ and

J (x = 0) = 0, can be computed by a simple finite-element

method. Note that the solution can also be expressed in

an analytical form (see Crank [70], equation 4.53). With

this aim, we use an empirical model to represent the

desorption curve [i.e., n(S) = (1.3 + 0.0013S−3.5)−1] (see

Fig. 6). After adjusting the value of the effective diffusivity

to a slightly lower value, i.e., D = 1.3 × 10−9 m2 s−1, we

observe excellent agreement between these predictions and

our data. This discrepancy between the theoretical and

measured values of diffusivity can come from the simpli-

fying assumptions made concerning the wetting character-

istics, i.e., the contact angle and the meniscus radius (see

above), in the analysis of the imbibition process to esti-

mate (saturated) permeability. First of all, the whole set

of drying curves, i.e., in a wide range of air fluxes, are

well represented by the model (see Fig. 3). Moreover, the

theoretically calculated water distributions with time rep-

resent data obtained under these different conditions very

well and lead to either slight or strong saturation gradi-

ents (see Fig. 4). Nevertheless, in some cases, the slope

of the theoretical profiles at the approach of the free sur-

face is less prominent than it appears from data. This may

originate from the uncertainty of the desorption measure-

ments and representation by a model, the error introduced

in the model by assuming a constant diffusion coefficient,

and in the uncertainty of the permeability function model.

It seems difficult to elaborate further, in particular, quanti-

tatively, about the origin of this discrepancy. However, we

can add that, despite this discrepancy, all qualitative fea-

tures are well predicted by the model under different air

fluxes and, even more remarkable, the model predicts the

drying rate very well over the whole range of saturation in

any case (see Fig. 3), which further supports its predictive

nature.

V. CONCLUSION

Our results show that water transport in silica glass

is mainly ensured by liquid flow resulting from a gra-

dient of vapor pressure, assuming otherwise standard

hydrodynamic characteristics. The resulting simple diffu-

sionlike model, assuming a constant effective-diffusivity-

coefficient value, appears to represent data very well in

terms of the spatial distribution of water over time inside

the sample for various boundary conditions (air-flux inten-

sities) and at different saturations. This tends to validate

our physical interpretation of the physics of drying of such

a nanoporous medium, which can be generalized to other

nanoporous media. For example, since the 1D profiles

observed for a given air flux and beads of different nano-

metric sizes are similar [1,38], we expect that the same

modeling approach can be applied to granular packing too.

Finally, we propose a predictive model of the detailed dry-

ing characteristics of a nanomaterial from knowledge of its

pore size, permeability, and desorption curve.

It is worth noting that our description is valid at a scale

larger than the heterogeneities developing in the system,

i.e., the probable air paths resulting from invasion percola-

tion processes. This means that the desorption process does

not take place homogeneously in all pores, and we cannot
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see desaturation and the resulting two-phase flow as taking

place similarly in all pore sizes at the same time.

Let us note that such results could be essential for appli-

cations in the field of energy: good control and prediction

of water transfer inside the material allows, possibly with

some coupling, the dynamics and distribution of thermal

transfers in the medium, associated with latent heat, to be

deduced, opening the way to a full physical approach to

heat and mass transfer in nanoporous materials.

ACKNOWLEDGMENTS

We acknowledge scientific exchange and support from

the Center for Molecular Water Science (CMWS). P.H.

acknowledges funding from the European Innovation

Council (EIC) under the European Union’s Horizon 2020

research and innovation programme under Grant No.

964524 EHAWEDRY: “Energy harvesting via wetting-

drying cycles with nanoporous electrodes” (H2020-

FETOPEN-1-2021-2025). This work was also supported

by the Deutsche Forschungsgemeinschaft (DFG) within

0.0

0.5

1.0

0 20 40

NMR signal (arb. units)

H
e

ig
h

t 
(c

m
)

Cross-section layer saturation

External

residual

 water

Front

advance

FIG. 7. Successive 1D profiles (distributions) of water over

time (every 150 s) along the axis of a Vycor sample initially dry

and partially immersed in a water volume. Each data point at a

given height corresponds to the total water content in the cross-

section layer around this height. As a consequence, this includes

water inside the sample and (external) water between Teflon and

the tube. As imbibition progresses, a (slightly inclined) front

associated with sample saturation advances upwards, while the

volume of external water decreases. In the final stage, there is

no more external water and the sample is saturated all along

its height (vertical 1D profile). Note that, for these tests, the

time schedule for the early times is not well controlled, and

the adsorbed monolayer cannot be observed due to its short

relaxation time, which, in our opinion, precludes a detailed

quantitative study of the process from such data in the present

context.

the Collaborative Research Centre CRC 986 “Tailor-

Made Multi-Scale Materials Systems” Project number

192346071.

APPENDIX A: 1D PROFILES DURING THE

IMBIBITION PROCESS

In Fig. 7, we show the 1D profiles measured by the same

MRI technique as that used for drying (see text). Here, it

is worth noting that the profiles correspond to the distribu-

tion of all water content in successive layers at increasing

depth. As a consequence, in the bottom region, the water

content includes the water in the bath in which the sample

is partially immersed (see inset of Fig. 7).
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