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g r a p h i c a l a b s t r a c t
Real-time neutron imaging of water imb
ibition in silica nanoporous media.
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Hypothesis: Colloidal silica dispersions dried under controlled conditions form solid gels that display
mechanical properties similar to those observed in several practical processes. An understanding of their
structural characteristics and liquid flow properties can therefore help establish these gels as an alterna-
tive family of model materials to study practical porous systems.
Experiments: Neutron radiography is a non-destructive technique well-adapted to study hydrogen-rich
domains in porous materials due to the high attenuation power of hydrogen. We apply this technique
to study gels prepared from silica nanoparticles of radii 5–40 nm.
Findings: The water content in the gels have been quantified and different types of porosities have been
determined: total porosity, effective porosity that contributes to liquid flow, and residual porosity that
contains bound residual water. This residual water increases with decrease in particle size and consti-
tutes an important fraction of the gel. The dynamics of water imbibition follows a

p
t law, from which

the effective pore size and permeability are evaluated. We highlight the role of particle size on water
retention, on particle organization and its impact on mechanical resistance. Quantitative analysis of
the propagating liquid front shows front broadening that suggests elongated pores with reduced corre-
lated liquid menisci.
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Fig. 1. Porous media samples of different geometries prepared by controlled drying
of colloidal silica dispersions: circular and rectangular pastilles (top), fragments
dried in a large glass dish (bottom); bar scale = 5 mm.
1. Introduction

Fluid flow in porous media occurs in numerous processes: in
daily activities when food and paper come into contact with liq-
uids; in natural settings as in plants and soils; in industrial and
engineered materials for building blocks and foundations as well
as for storage; in cultural heritage structures and art paintings.
Considerable interests have therefore been vested in understand-
ing this widespread occurrence, namely in the uptake of water in
cement and sandstone-based porous media in view of its deleteri-
ous effects on structural and mechanical properties of building
materials, in the context of geology, and in heritage preservation
and restoration. Classic methods such as gravimetry and electrical
techniques based on conductivity give information on the water
content in the sample. These techniques, however, do not access
buried spatial information and the kinetics of the liquid flow front,
both of which relate the structural aspects of the porous media. To
study internal structures, X-ray tomography has been used to char-
acterize siliceous granular materials but to visualize the liquid
phase, it is often necessary to add contrast agents such as metal
salts to distinguish between the water and air phase [1–3]. These
contrast agents however, can lead to changes in interfacial and
wetting properties of the substrate [4,5].

In the past decades, neutron radiography has emerged as a
powerful technique to investigate the distribution and flow of fluid
in porous structures. The high penetration power of neutron up to
several centimeters, its sensitivity to light elements and the large
neutron cross-section for hydrogen compared to other heavier ele-
ments, render neutron radiography a well-adapted technique to
probe water and other hydrogen-rich liquids in porous media.
For siliceous porous media, the high scattering power of hydrogen
compared to the siliceous material provides high attenuation con-
trast of the transmitted neutron beam, facilitating the distribution
and movement of water in the porous media to be visualized and
quantified directly from transmission measurements. Descriptions
and reviews of the neutron imaging technique and its applications
can be found in the literature [6,7]. To name a few examples, this
technique has been applied to studies on theoretical modeling of
water [8] and of liquid hydrocarbon [9] imbibition in model meso-
porous glass, and of water in granular quartz [10]; to applied sys-
tems such as water uptake in natural sandstones [11,12], fractures
and water imbibition in sedimentary rock [13], cracks and water
uptake in concrete [14], water penetration in different types of por-
ous natural rock stones [15], water transport in low-temperature
proton exchange membrane fuel cells [16,17] and water uptake
in plants [18]. Furthermore, due to the non-invasive nature of neu-
tron techniques, they have become useful tools for archaeology
and cultural heritage research where they are used in combination
with other techniques to reveal buried chemical components [19],
to study adhesive and filler materials and protective coatings in
cultural heritage objects [20], water uptake in historic building
materials [21] and moisture retention in painting canvas layers
[22].

Neutron radiography is thus a powerful and non-destructive
technique that is well suited to probe water content and internal
morphology of porous media. In this work, we apply neutron radio-
graphy to quantify water content and to track real-time sponta-
neous water imbibition in porous media prepared by evaporative
drying of aqueous dispersions of colloidal silica of different particle
sizes. The structural aspects and particle organization for this sys-
tem during evaporative drying, at the surface and in the bulk, have
been investigated in our past studies by neutron reflectivity and
small angle neutron scattering [23]. During drying, particle con-
centration increases until a critical concentration beyond which
mechanical stress develops in the wet gel that can lead to crack
formation in the solid gel. Interestingly, the crack patterns thus
formed show great similarity to those observed in some historic
paintings. In our past study, these crack patterns were analyzed
and related to mechanical properties using a poroelasticity model
that predicts well the behavior of both the silica gel and paint
materials used in the historic epoch, thus providing a potential
method to evaluate and authenticate paint layers of historic art
paintings [24]. In a next study, with a parallel interest in art paint-
ing restoration by solvents and possible accompanying deleterious
effects, the dynamics of penetration of millimeter-size sessile
drops of different solvents into the silica porous media were visu-
alized by optical microscopy and discussed in relation to their
impact on mechanical properties [25]. In the present study, neu-
tron radiography is employed to give a complete characterization
of evaporation-consolidated silica porous media prepared from dif-
ferent particle sizes. From transmission measurements we quantify
the water content in the porous media to evaluate their porosity,
distinguishing between ‘‘effective porosity” that constitutes pore
space available for imbibition and ‘‘residual porosity” where the
pore space is occupied by residual hydration water. Real-time
dynamic transmissions are employed to visualize directly sponta-
neous capillary imbibition in the Lucas-Washburn regime, to
extract information on effective pore size and permeability, and
to quantify the width of the propagating liquid front that relates
pore morphology.
2. Experimental section

2.1. Sample preparation

The samples studied were porous media prepared by controlled
drying of silica colloidal dispersions. Four different samples were
used: Ludox SM30, HS40, TM50 from Sigma-Aldrich, and Kle-
bosol50 from Merck, with initial mass fractions 0.3, 0.4, 0.5 and
0.5 respectively. The dispersions, stabilized at initial pH 9–10, were
used as received. The particle radius a and log-normal polydisper-
sity p=a characterized by small-angle neutron scattering (SANS) are
SM30: a = 4.7 nm, p=a = 0.20; HS40: a = 7.9 nm, p=a = 0.16; TM50:
a = 12.8 nm, p=a = 0.14; Klebosol: a = 37.8 nm, p=a = 0.14. The dis-
persions were dried in an enclosed box in the presence of Mg



Table 1
Configuration of the neutron imaging setup.

Aperture diameter, D 2 cm
Aperture-detector distance, L 400 cm
Beam divergence, L=D 200
Field of view 8 cm � 8 cm
Sample-detector distance, l ~2 cm
Pixel size 40 mm
Spatial resolution/Geometric blurring, bg ¼ l=ðL=DÞ ~100 mm
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(NO3)2 to control the drying conditions under relative humidity
RH = 52–54% at T = 20–23 �C. Under these controlled atmospheric
conditions, it was possible to produce sufficiently large samples for
the imaging studies. Furthermore, different sample geometries
were prepared (Fig. 1): (i) rectangular sample (2 cm � 1 cm) dried
in Teflon containers, (ii) circular pastille (1 cm diameter) dried in
circular rubber rings on a glass plate, and (iii) ‘‘fragments” of dis-
persions dried in a large glass dish. The sample thicknesses mea-
sured with an electronic caliper varied from about 1 to 2 mm.

2.2. Neutron imaging experimental setup

Neutron radiography experiments were performed on the neu-
tron imaging spectrometer IMAGINE at the ORPHEE reactor. The
neutron beam is polychromatic with a wavelength range of about
3–25 Å with a peak flux at 4 Å and an integral neutron flux inten-
sity of 2 � 107 n�cm�2�s�1. For image detection, a lithium scintilla-
tor of thickness 100 mm converts gamma rays to photons that are
captured indirectly by an sCMOS ANDOR NEO camera via a reflect-
ing mirror to reduce radiation damage to the camera. The samples
were clamped vertically by two parallel aluminum bars and placed
in an aluminum container bath and the ensemble was positioned
as close as possible to the detector to minimize geometric blurring
of the image. This blurring effect is defined as: [26] bg ¼ l=ðL=DÞ
where l is the sample-detector distance, and L and D are the
aperture-detector distance and aperture size, respectively; the
ratio L=D is the instrument collimation that is optimized for reso-
lution and beam intensity. The experimental setup is shown in
Fig. 2 and the details of the configuration are given in Table 1.
For the imaging measurements, ten dark field images (beam
closed, without sample) and ten flat field or incident beam images
(beam open, without sample) of 80 s each were acquired before
each series of experiments. For imbibition measurements, the
image of the initial ‘‘dry” sample was taken, then water was added
to the aluminum container and image acquisition was started
immediately with an exposure time of 80 s per image at 80 s fre-
quency until saturation of the sample.

2.3. Image processing

Neutron imaging is based on the transmission of a neutron
beam attenuated by a sample according to an exponential attenu-
ation law [27]:

I ¼ I0e�lmhm ð1Þ
The transmission is T ¼ I=I0 where I and I0 are the intensities of

the transmitted and incident beams respectively, lm is the coeffi-
cient of attenuation (scattering + absorption) and hm the thickness
Fig. 2. Setup of the imaging experiments. The samples are clamped vertically
between two parallel aluminum bars and place in an aluminum water bath placed
close to the detector.
of the material. In order to optimize the image quality and to quan-
tify the transmission, the two-dimensional raw intensity images
are corrected using ImageJ software for background or camera off-
set by a dark field image, IDF (acquired with closed beam without
sample); spatial inhomogeneities of the beam and on the detector
are in principal accounted for when the sample image is normal-
ized by the incident beam image. A rescale factor f is also applied
to adjust for possible time-fluctuation of the incident beam inten-
sity: f ¼ Iref=Iref ;0 where Iref is the average intensity of a reference
area on the sample image (outside the sample) and Iref ;0 the aver-
age intensity of the same area on the incident beam image. The
corrected images are then filtered to remove bright gamma spots
(3–5 pixels). This correction permits the homogenization of the
gray scale from 0 (black) to 1 (white); black corresponds to atten-
uated transmission by the water. The final transmission is:

T ¼ f I�IDF
I0�IDF

¼ e�lmhm ð2Þ
3. Results and discussions

3.1. Static transmission measurements: water content and porosity

The transmission of a sample depends on its chemical content.
For the porous media containing silica and water, the total trans-
mission is given by:

T ¼ e�lmhm ¼ e�lSiO2
hSiO2 :e�lH2O

hH2O ð3Þ
where lSiO2

and lH2O
are the coefficients of attenuation of silica and

water, and hSiO2 and hH2O their corresponding effective thicknesses.
The thermal neutron cross sections, b, for Si and O are much smaller
than that for H [11,28], with corresponding scattering (attenuation)
power, bSiO2 = 10.64 � 10�24 cm2 and bH2O = 167.6 � 10�24 cm2. The
transmission attenuation coefficient of silica is thus negligible com-
pared to that of water, and attenuation in transmission can be con-
sidered to arise from the water only:

T ¼ e�lH2O
hH2O ð4Þ

The coefficient of attenuation of water lH2O
is evaluated from a

calibration curve with H2O contained in quartz cells of known
thicknesses. These results are shown in Fig. 3 where a good fit to
the transmission for water thickness up to 2 mm is obtained with
lH2O

= 0.45 mm�1. This value pertains to the average for the poly-
chromatic neutron beam and the experimental configuration used
in the current study and will be used to evaluate the effective
water thickness in the material. Thus, for this silica water system,
the total water content is accessible directly from its total trans-
mission. The transmission measurements of the samples were
taken before and after filling the container with water and the
samples left to imbibe water until complete saturation. In the
transmission images, water-rich regions in the sample appear dark
due to attenuation by hydrogen in the water; completely wet and
saturated sample shows a homogeneously attenuated transmis-
sion. Note that the transmission is integrated over the total sample
thickness (1–2 mm). For these static measurements, ten images of



Fig. 3. Transmission and evaluation of effective water thickness in silica porous media: (a) calibration curve for water attenuation coefficient using water of known
thicknesses hH2O: experimental points (star), fitted curve with lH2O

= 0.45 mm�1 (solid line); (b) transmission images of a sample (a = 7.9 nm) before water imbibition (1),
after complete imbibition (2), after removal of water from the bath (3), and after drying the sample for 24 h (4); (c) schematic of total porous sample thickness hsample and of
effective water thickness hH2O;eff deduced from the water transmission calibration curve.

Fig. 4. Different types of porosity versus particle size: residual porosity (square),
effective porosity (triangle), total porosity (circle). The samples are fragments from
silica dispersions dried in a large glass dish; each point represents an average value
from 10 � 15 fragments.
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80 s each are summed for improved statistics to give an accurate
measure of the water content. In this case, since the water is dis-
tributed throughout the porous sample, the water thickness
extracted using the calibration curve corresponds to an effective
thickness, hH2O;eff (see schematic in Fig. 3). Dividing hH2O;eff by the
total thickness of the porous sample, hsample measured before imbi-
bition gives directly the sample porosity, /pore.

Due to the hydrophilic nature of the material and to the nano-
size pores (high capillary pressure), we do not expect wetting
problems. Therefore, after complete imbibition, we consider all
available pores to be saturated with water. The total water content
in the sample constitutes the total volume not occupied by the sil-
ica and thus characterizes the total porosity of the sample, /pore;tot .
Importantly, before imbibition, the initial ‘‘dry” sample also shows
significant attenuation, indicating the presence of non-negligible
amount of water. Here, we consider this fraction of water to be sta-
tionary and part of the ‘‘dry” gel, and the volume occupied by this
residual water constitutes a ‘‘residual” porosity /pore;res that is not
available for the flow of imbibed water. Thus two types of pores
are evaluated directly from these static transmission measure-
ments, /pore;res and /pore;tot from the initial ‘‘dry” sample before
imbibition, and the wet sample after complete water imbibition
respectively:

Total porosity: /pore;tot ¼
hH2O;eff�wet

hsample
(from a completely saturated

sample after imbibition)

Residual porosity: /pore;res ¼
hH2O;eff�res

hsample
(from an initial ‘‘dry” sam-

ple before imbibition)

Note that /pore;res can also be extracted from a completely satu-
rated sample left to dry for 24 h; these two methods give similar
results. From these two types of porosities determined before
water contact and after complete water imbibition, we deduce an
effective porosity: /pore;eff ¼ /pore;tot � /pore;res that we consider here
to represent the available volume for liquid flow within the porous
media, or the fraction of pores that participates in imbibition. Fig. 4
shows the three different types of porosity as a function of particle
size, for fragments of samples prepared in a large glass dish. Each
point on the graph represents an average from 10 to 15 different
fragment samples prepared in different batches at different times,
under the same controlled drying conditions. The total porosity
/pore;tot increases with decrease in particle size, and for all the sam-
ples studied here, falls in the range 0.40–0.53 which is higher than
the theoretical size-independent value of around 0.36 for dry
close-packed spherical particles. (Samples dried at higher humid-
ity, 54% � RH � 90%, give similar results; on the other hand, those
dried at RH = 13% are more fragile and prone to fracture into small
fragment pieces). The /pore;tot obtained here, defined as the total
volume fraction not occupied by silica, are in good agreement with
the total silica volume fraction, /SiO2 ;tot evaluated from our previous
SANS measurements [23]. These independent sets of measure-
ments using two separate techniques give: /SiO2 ;tot þ /pore;tot � 1.
The results are reported in Table 2.

The high /pore;tot obtained for these samples may be attributed
to the elevated degree of residual water in the porous media,
/H2O;res. This residual water cannot be removed even after heating
at 120 �C for over a month. It represents hydration water that is
chemically bound to the silica surface, in interparticle cohesion
bridges or locked in occluded pores. This ‘‘trapped” water is an
integral component of the solid silica gels consolidated by drying
of the colloidal dispersions; it is related to the particle organization
and appears to affect particle cohesion and the mechanical proper-
ties of the porous media. We note for example that SM30 samples
(a = 4.7 nm) contain about 20% in volume residual water, the par-
ticles are less organized as revealed by the broad structure peak in
the SANS results (see supplementary information S1), and they



Table 2
Porosity evaluated from neutron imaging and total particle volume fraction /SiO2 ;tot measured from SANS [23].

Neutron Imaging SANS

a (nm) /pore;res /pore;eff /pore;tot /SiO2; tot

4.7 0.20 ± 0.01 0.33 ± 0.02 0.53 ± 0.02 0.36 ± 0.04
7.9 0.15 ± 0.01 0.31 ± 0.03 0.46 ± 0.03 0.47 ± 0.05
12.8 0.14 ± 0.01 0.29 ± 0.03 0.43 ± 0.03 0.56 ± 0.05
37.8 0.08 ± 0.01 0.32 ± 0.04 0.40 ± 0.04 –
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form large and mechanically resistant solid gels. TM50 samples
(a = 12.8 nm) contain 10% in volume residual water with well-
defined structure peak and form more brittle samples. Optically,
the high water content in SM30 gel renders it transparent while
TM50 gel is translucent-white (optical index of silica = 1.44,
water = 1.33, air = 1.0). Klebosol gels contain only 8% in volume
residual water, the particles are highly organized, and the gels
are extremely brittle and fragile and optically white.

3.2. Dynamic water imbibition measurements: effective pore radius
and permeability

In this section, we address the dynamics of water imbibition in
the porous media. The effective porosity /pore;eff evaluated from sta-
tic measurements is considered here as the fraction of pores that
contributes to the capillary water uptake. Dynamic water imbibi-
tion measurements were carried out with the samples immersed
in a water bath and tracking the real-time propagation of the
Water
front(a)

(b)

(c)

(d)

Fig. 5. Time-sequence neutron transmission images of water imbibition in silica porous m
(a = 7.9 nm); the first image on the left (t = 0) shows the initial ‘‘dry” sample before water
(t = 0) showing transmission of the imbibed water only; (c, d) normalized images for a c
imbibed water only. Water-rich regions attenuate the transmission and appear dark.
waterfront. Images of the ‘‘dry” samples were first acquired. After
the bath was filled with water to the bottom of the samples,
time-sequence images were acquired at regular intervals until
complete saturation of the sample. The total time of the measure-
ment depends on the height of the sample and varied between
approximately 20 to 90 min. Fig. 5 shows the time-sequence trans-
mission images. To illustrate the technique, images for different
sample geometries are shown.

Fig. 5a shows images of the total transmission for a rectangular
sample. The first image on the left corresponds to the ‘‘dry” image
before the addition of water to the container and those to its right
the time-sequence images after water addition. During imbibition,
the strongly attenuated transmission by water-rich domain and
the movement of the ascending waterfront are clearly visible. Here,
since the initial ‘‘dry” sample shows non-negligible attenuation
due to residual water, the dark region contains both the residual
as well as the imbibed water. Nevertheless, it is possible to visual-
ize attenuation by the imbibed water only, by dividing the image of
7 mm

10 mm

10 mm

10 mm

edia for different sample geometries: (a) total transmission of a rectangular sample
is added to the bath; (b) corresponding images of (a) normalized by the ‘‘dry” image
ircular pastille and a fragment sample (a = 4.7 nm) showing the transmission of the



Fig. 7. Effective pore radius as a function of particle size. For comparison, the
straight lines show theoretical curves calculated for random (long dash) and
hexagonal (short dash) packings.
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imbibition (Tt) at time t by the initial image before imbibition (T0).
Fig. 5b shows the corresponding normalized images of Fig. 5a. In
this case, the normalized transmission (Tnorm) is attenuated only
by the imbibed water:

Tnorm ¼ Tt
T0

¼ exp �lH2O
hH2O;t � hH2O;0
� �� �

ð5Þ

where ½hH2O;t � hH2O;0� represents the effective thickness of the
imbibed water at time t. Fig. 5c shows the normalized images for
a circular sample, and Fig. 5d shows normalized images for a frag-
mented sample. Fragments, as mentioned earlier, are pieces of sam-
ples from dispersion dried under controlled conditions in a large
glass dish, where the internal drying stress has been released by
crack formation. The samples remain intact even after complete
water saturation, with no visible swelling (occasional defect and
microcrack are immediately detectable as the sample breaks and
falls off the sample holder). These experiments performed on differ-
ent sample geometries demonstrate the direct and non-destructive
technique that is well-adapted to study water imbibition in porous
media.

In order to quantify the dynamics of imbibition, the gray scale
profile along the axis of water propagation is plotted to extract
the average water-front position, zh. These profiles, along with
the corresponding spatiotemporal image, are shown in Fig. 6; the
evolution of zh with time can be seen to follow a

ffiffi
t

p
behavior for

all the particle sizes.
Liquid flow in porous media traverses different regimes: an

inertial regime that is characterized by a linear behavior of the
fluid front with time, zh � t but this regime occurs in the initial
stage of the liquid ascension (first few seconds). This is followed
by a viscous regime where for a cylindrical tube, the flow rate
per unit area is described by the Hagen-Poiseuille law:
dz=dt ¼ ðDPR2

gÞ=ð8gzÞ where DP is the pressure drop of the liquid
over a distance z, Rg is the hydraulic radius and g the dynamic vis-
cosity. In capillary flow, the viscous drag is balanced by the Laplace
capillary pressure: DP ¼ ð2ccoshÞ=Rc where c is interfacial tension
between the liquid and air phase, h is the contact angle between
the liquid and solid phase, and Rc the capillary radius. This regime,
driven purely by capillary and viscous forces, is the Lucas-
Washburn regime where inertial and gravitational forces are neg-
ligible. Gravitational force halts the liquid rise and at equilibrium,
the capillary pressure is balanced by the liquid hydrostatic pres-
sure: DP ¼ ð2ccoshÞ=Rc ¼ qgzg where q is the liquid density, g the
gravitational force and zg the equilibrium liquid height. For water
in nanosize pores, zg is several kilometers and is therefore not rel-
evant in the current experiments. Equating the Hagen-Poiseuille
and the Laplace pressure, the Lucas-Washburn regime describes
the dynamics of capillary liquid rise as follows: [29,30]
Fig. 6. Dynamics of water imbibition in silica porous media (a = 7.9 nm). (a) Normalized g
grayscale < 1 is due to attenuation by imbibed water only), (b) corresponding spatiotem
different particle sizes: 4.7 nm (circles), 7.9 nm (triangle), 12.8 nm (square), 37.8 nm (s
zh tð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
c cos hR2g
2gRc

r ffiffi
t

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
c cos hRw

2g

q ffiffi
t

p ð6Þ
zhðtÞ is the average location of the liquid front, and in this study
using Millipore water, c = 70 mN�m�1, g = 10�3 Pa�s at ambient tem-
perature, and assuming total wetting on the hydrophilic silica,
h = 0�. Rw ¼ R2

g=Rc is the Washburn radius that relates the hydraulic
and capillary radii in the viscous and capillary forces respectively.
For a system with uniform pore radius, Rg ¼ Rc . In practice, how-
ever, due to non-uniform pore size and to the different dependen-
cies of the viscous and capillary forces on pore radius, Rw tends to
indicate a smaller value than the real physical pore size; this dispar-
ity has been confirmed by microscopy measurements that show the
real pore size to be much larger than Rw [31]. To account for pore
size dispersion and the complex morphology of the porous media,
the Washburn radius has been expressed in terms of a more realis-
tic effective pore radius, Reff and the tortuosity, s of the porous

media [15,32,33]: Rw ¼ Reff
s2 . Tortuosity refers to the ratio of the

actual path length and the linear length, and direct and independent
measurement of its value is not simple. According to theory based
on electrokinetic considerations, tortuosity for porous media with
spherical particles may be expressed as: [34] s ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/pore;eff

p
. Using

this expression and the /pore;eff evaluated from static transmission
measurements, we deduce s = 1.7–1.9, and Reff that, accordingly,
is about three times larger than Rw. The dependence of Reff on par-
ticle size a is shown in Fig. 7; for comparison, theoretical curves for
the dependence of throat radius on particle size for random and reg-
ray scale profile of the water-front (images normalized by the image of dry sample;
poral image, (c) average water front position in the Washburn regime, zh � ffiffi

t
p

for
tar); the solid line shows the linear fit.



Table 3
Pore characteristics of solid gels prepared from colloidal silica of different particle sizes.

a (nm) /pore;eff s RW (nm) Reff (nm) Reff =a jK�C (m2) jBear (m2)

4.7 0.33 ± 0.02 1.74 ± 0.04 0.5 ± 0.02 1.6 ± 0.02 0.34 ± 0.02 1.9 ± 0.05 � 10�20 2.0 ± 0.05 � 10�20

7.9 0.31 ± 0.03 1.80 ± 0.05 0.7 ± 0.02 2.4 ± 0.02 0.30 ± 0.02 4.0 ± 0.05 � 10�20 4.1 ± 0.05 � 10�20

12.8 0.29 ± 0.03 1.86 ± 0.05 0.9 ± 0.03 3.0 ± 0.03 0.24 ± 0.03 7.9 ± 0.06 � 10�20 5.9 ± 0.06 � 10�20

37.8 0.32 ± 0.04 1.77 ± 0.07 1.6 ± 0.04 4.9 ± 0.04 0.13 ± 0.04 1.1 ± 0.07 � 10�18 1.8 ± 0.07 � 10�19
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Fig. 8. Evolution of water-front width r, during imbibition: from left to right, 5 min,
15 min, 30 min; the profiles are fitted to a Gaussian error function (smooth curves)
with r = 0.45, 0.53 and 0.71 mm respectively. Top images show corresponding
normalized transmission images of the water-front for a fragmented sample
(a = 4.7 nm), bar scale = 1 mm.

Fig. 9. Time-evolution of the water-front width r, during imbibition in silica porous
media prepared from different particle sizes: a = 4.7 nm (circle), 7.9 nm (triangle),
12.8 nm (square). The continuous line is a power-law fit, r tð Þ ¼ ctb with broadening
exponent b = 0.41 ± 0.01.
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ular packings [35,36] are also shown. These results show that for
the porous media prepared from Ludox silica for a = 4.7 to
12.8 nm, the dependence of Reff on a exhibits a behavior that falls
in the range for mean random packing. For the largest size
a = 37.8 nm however, the behavior approaches a near-hexagonal
packing. This evolution in pore structure with particle size is consis-
tent with small-angle scattering results of concentrated dispersions
that show increasingly well-defined structure peaks that indicate
increased particle ordering with size, with a transition to well-
ordered crystalline packing for a = 37.8 nm (see Supporting
Material).

Spontaneous imbibition of water in the silica porous media is
thus shown to follow the Lucas-Washburn

ffiffi
t

p
law. This capillary

rise dynamics is governed by an ensemble of complex pore charac-
teristics – grain size, effective pore radius and porosity, tortuosity –
that collectively define the permeability of the porous media, j.
Two common expressions relate these parameters. The first is
the classic Kozeny-Carman relation for stacked spheres of radius
a: [37]

jKozeny�Carman ¼ 1
6s

/3
pore;eff

1�/pore;effð Þ2
a2
9 ð7Þ

The second, proposed by Bear, expresses permeability for an
isotropic porous media with three parallel capillary networks in
terms of the effective pore radius: [38]

jBear ¼ 1
24

/pore;eff R
2
eff

s
ð8Þ

The permeabilities evaluated from these two expressions using
the experimentally determined values for /pore;eff , Reff and s, are
given in Table 3 for the silica gels of different particle sizes. We find
that the two expressions give results that are close to each other
for the smaller particles and fall in the range of permeability values
for porous media of packed spheres [7]. With increase in particle
size however, the values from the two expressions diverge. jBear

relies on a model of parallel isotropic capillary network, and since
the pore structure tends towards increasingly organized sphere
packing behavior with size, the Bear model may be less suitable
to describe these larger-particle systems.

3.3. Anomalous liquid front broadening

The liquid-front zh extracted from the dynamic measurements
represents the average position of the wet and dry interface. An
additional and informative feature in solvent imbibition concerns
the width of this propagating liquid front. In real porous media,
due to its disordered nature, this interface is characterized by an
associated roughness, the width of which also evolves with time.
In spontaneous imbibition, due to Lucas-Washburn

ffiffi
t

p
behavior

the source of this interfacial roughening is attributed mainly to
capillary disorder. Accordingly, the time-dependent interface
width rðtÞ follows a power-law [8]:

r tð Þ ¼ ctb ð9Þ
where b is the roughening exponent and c a prefactor. For laterally
interconnected pores with low aspect ratio, lateral variations in
liquid menisci are smoothed out by a uniform effective surface
tension. As a consequence, the width of the moving front is mini-
mized and its broadening slowed down. In this case, phase-field
models predict a roughening exponent [39], b = 0.19. For the other
extreme of completely independent cylindrical pores of constant
radii, b = 0.5 because each meniscus moves independently of other
pores. The roughening exponent b therefore is an interesting
parameter that relates connectivity of the liquid meniscus as the
liquid advances, and thus the pore structure. It is also a relatively
less often reported parameter, probably due to limited spatial reso-
lution in large thick samples. In neutron imaging, this interfacial
width can be analyzed quantitatively from the greyscale line profile
along the vertical z-direction across the liquid front. Fig. 8 illustrates
the greyscale line profile for a fragment sample at different times of
imbibition. It can be seen that as imbibition progresses with time,
the width of the interface increases. To quantify the width of this
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liquid front, the greyscale line profile is fitted with a Gaussian error
function typically used to describe interfacial roughness:

y ¼ 1
2 1� erf z�zhffiffi

2
p

r

� �h i
ð10Þ

y depicts the greyscale, zh the average liquid front position and r
the width of the interface.

The fitted values of r at different imbibition times for the Ludox
samples of different particle sizes are shown in Fig. 9. Separate fits
to the time-evolution of r for each particle size yield exponent val-
ues: b = 0.42 ± 0.01 (4.7 nm), 0.40 ± 0.01 (7.9 nm), 0.41 ± 0.01
(12.8 nm) and c = 0.035 ± 0.004. No size dependence of the rough-
ening exponent is observed for the particle sizes considered here,
therefore for statistical purposes, all the data points are fitted
together in a single curve. The solid line shows the best-fit curve
to the ensemble of the data points for the three samples, with
b = 0.41 ± 0.01 and c = 0.035 ± 0.002 mm. The exponent obtained
for these samples indicates liquid front broadening that has also
been reported in the literature. Leoni et al. [40] reported a value
close to 0.5 for imbibition of a gas in disordered porous solids,
where adsorption and wetting effects were invoked to explain
the broadening front. Gruener et al [8] obtained b = 0.46 for water
imbibition in nanoporous Vycor glass, a silica system composed of
elongated pores with an average radius of 4 nm and polydispersity
20%. They attributed this broadening to the elongated structure of
the pores where despite their connectivity, the menisci in the elon-
gated pores propagate in a non-correlated manner, resulting in an
anomalous broadening of the liquid front as imbibition progresses.
For our current hydrophilic silica system that contains significant
residual hydration water, wetting is not expected to pose a prob-
lem during the spontaneous imbibition. It is more likely that these
silica gels resemble the Vycor system, where liquid front broaden-
ing during imbibition is engendered by asymmetric pores with
reduced correlated menisci.
4. Conclusions

We have applied neutron imaging to explore, for the first time,
structural properties and water imbibition dynamics in nanopor-
ous gels prepared by controlled drying of colloidal silica disper-
sions of different nanometric sizes. The strong attenuation by
hydrogen and the transparency of silica to neutrons render neutron
imaging a unique technique to study hydrogen-rich liquids such as
water in silica systems. In this case, the water content in silica por-
ous media can be evaluated and quantified directly from transmis-
sion measurements. The main findings of our study are
summarized as follows:

(1) From static transmission measurements and quantitative
evaluation of the water content in the solid gels, three types
of porosities have been determined: total porosity (/pore;tot)
that describes all volume not occupied by the silica, effective
porosity (/pore;eff ) that constitutes the pore volume associ-
ated with liquid imbibition, and residual porosity (/pore;res)
that accounts for the space occupied by residual
chemically-bound or trapped water. Our studies show that
as much as 8–20% in volume of residual water can be
retained in the gel, the amount increasing with decrease in
particle size. Structurally, both neutron imaging and small-
angle neutron scattering (Supporting Material and from
our past studies [23]) indicate an increase in particle order-
ing with increase in particle size. The link between residual
water and particle size appears to affect the mechanical
properties of the porous media [24]. Macroscopically, solid
gels formed from smaller particles (higher residual water)
show higher mechanical resistance compared to the more
brittle gels prepared from larger particles (lower residual
water). The role of residual water on material properties
clearly needs further studies. Residual water in porous
media has received little attention in the past, even though
it constitutes an important and integral component of
hydrophilic materials, as shown by our studies. To our
knowledge, this neutron imaging study reports the first
direct and quantitative measure of residual water in silica
porous media. Compared to other techniques that probe liq-
uid in porous media, NMR imaging has been shown [41] to
be a powerful technique to probe dynamics of liquid flow
in porous media. However, these techniques are adapted to
probe relative changes in liquid content due to imbibition
and are not sensitive to static residual water.

(2) The dynamics of spontaneous imbibition of water in the por-
ous silica gel has been visualized in real-time by dynamic
transmission measurements. Over the timescale of the
experiment and for all the samples investigated, the average
waterfront propagates as

ffiffi
t

p
, in accordance to the Lucas-

Washburn law. From the dynamics of imbibition, the effec-
tive pore radius Reff is extracted using the value of tortuosity
s evaluated from /pore;eff . It is found that for a = 4.7–12.8 nm,
Reff increases with particle size in a manner predicted for
mean random packing; for the largest particle a = 37.8 nm
however, the behavior approaches a near-hexagonal pack-
ing. This evolution in pore structure with particle size is con-
sistent with small-angle scattering results of concentrated
dispersions that show increasingly well-defined structure
peaks, indicating increased particle ordering with size and
a transition to well-ordered crystalline packing for
a = 37.8 nm. Surprisingly, despite the different degrees of
residual water and particle ordering, the effective porosities
that participate in liquid imbibition remain similar in all
cases, /pore;eff � 0.3. These porosity values and the corre-
sponding intrinsic permeabilities fall in the range reported
in the literature for porous glass systems with pore size
ranging from 0.4 nm to 1 mm [7].

(3) A notable feature revealed from the real-time imbibition
measurements concerns the evolution of the width of the
liquid front. Although theoretical treatments of liquid front
width exist in the literature [39], few experimental mea-
surements have been reported due to limited beam penetra-
tion and insufficient spatial resolution. Neutron imaging,
with the deep penetration power of neutrons, is a well-
adapted technique to address to this problem. It has been
applied by Gruener et al [8] to study anomalous front broad-
ening in Vycor glass with elongated pores. For our current
system, quantitative analysis of the liquid front profile
shows that the width of the liquid front increases with imbi-
bition time with a broadening exponent, b = 0.41 ± 0.01. This
value is larger than that predicted for an interface with cor-
related meniscus, and for these silica gels, may be attributed
to a system of asymmetric pores with reduced correlated
menisci, such as that reported in Vycor glass by Gruener
et al. The liquid front broadening (or interfacial roughness)
revealed in this study, although less studied experimentally,
has important significance in processes such as fluid flow,
mixing in fluid phases, and in adhesion.

This study presents an alternative family of silica-based nano-
porous media consolidated by controlled evaporative drying. These
solid gels show similar porosity and permeability properties as in
other synthetic glass porous media. However, the detailed struc-
tural properties and flow behavior obtained from neutron
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techniques have further revealed new insights on the effects of
particle size on residual water content and particle organization,
aspects that have direct consequences on macroscopic mechanical
properties of the gel. These findings open new directions to under-
stand structure-property relationship in gels by tuning physico-
chemical properties that control particle interactions and organiza-
tions, and to develop new materials. The little-studied anomalous
front-broadening revealed in this work can be explored in the con-
text of mixing and adhesion. Finally, our past studies have shown
that these gels exhibit mechanical properties similar to those in
real systems, such as crack patterns that bear great resemblance
to those produced in historical art paintings [24]. They can there-
fore serve as excellent model systems to understand mechanical
processes in practical porous systems.
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