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Drying of particle-loaded foams for production of
porous materials: mechanism and theoretical
modeling†

I. Lesov, S. Tcholakova* and N. Denkov

Particle-loaded wet foams are appropriate precursors for production of novel porous materials with

hierarchical porous structure, ranging from tens of micrometers down to a few nanometers. Such

porous materials could be further modified (sintered, impregnated, hydrophobized, etc.) to serve as

catalyst supports, porous filters, insulating materials, templates for composite materials, etc. A particular

obstacle for the design of such materials is the observed extensive shrinkage during drying of the wet

foam precursor. This shrinkage has three important consequences – significant reduction of the size of

the final porous material (as compared to the precursor template), significant evolution in the pore size

distribution during sample drying, and possible cracking of the material upon drying. The major aims of

the current study are (1) to clarify the main mechanism of shrinkage of foams prepared from silica

suspensions with high particle concentration, and (2) to describe quantitatively the relation between the

properties of the foamed suspension and the final dry porous material obtained from this suspension.

The performed experiments and the data interpretation convincingly show that the foamed suspensions

shrink until the particle concentration in the foam walls reaches close packing, at which the percolated

particle structure is able to resist the high capillary pressures, developed in the process of drying. The

volumetric shrinkage of the individual bubbles was found to be equal to that of the macroscopic foam

sample. Equations are derived and verified to relate the particle concentration and the bubble fraction in

the foam precursor with the final mass density of the obtained porous material and with the degree of

shrinkage in the drying process. Three stages of foam drying and shrinking were observed: (1) an

induction period with no sample shrinkage, despite the water loss, (2) rapid shrinkage, and (3) final water

evaporation at constant volume of the sample. These stages were explained by considering the three

basic physical regimes of convective drying of porous materials, as defined by Coussot (European Phys.

J. B 15 (2000) 557–566). The equations derived in the current study allow one to design in advance the

foam precursors needed to obtain a dry porous material with desired properties.
1. Introduction

Porous ceramics are a unique class of materials with low mass
density and high surface area that make them desirable for
various applications, ranging from insulating construction
panels to highly effective catalyst supports or templates for
tissue scaffolds. Due to these versatile applications, a vast
number of papers on the methods for production and on the
properties of porous ceramic materials have been published in
the last decade. Reviews on the typical pathways for their
preparation can be found in Binner,1 Colombo,2 and Gonzen-
bach et al.3
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One of the simplest methods for preparation of very light
porous ceramic materials is the direct foaming method.4 It
consists of mechanical agitation of particle suspension in the
presence of appropriate surfactant, with subsequent removal of
the water from the obtained wet aerated (foam) precursor.
Water could be either evaporated or physically/chemically
bound through a series of complex procedures.3 One important
feature of these systems is that one can use appropriate
combinations of nano-structured particles (e.g. fractal silica)
with micrometer-sized bubbles to design ceramic materials
with complex pore size distributions.5 However, to apply intel-
ligently this procedure, one should understand the processes of
material shrinkage and pore-size evolution during drying of the
wet precursors.

The process of water evaporation from porous media such as
sols, gels and foods has been widely discussed in the litera-
ture6–22 in the more general context of producing dry nal
products from wet precursors. Typically, two stages with respect
RSC Adv., 2014, 4, 811–823 | 811
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to water evaporation are reported:9–13 (1) constant rate period
(CRP) in which the evaporation rate is highest and most of the
suspension shrinkage is observed12,13 and (2) falling rate period
(FRP) in which the water evaporation rate is reduced, due to the
water diffusion within the sample, and very small shrinkage is
observed in comparison to CRP (typically less than 15% of the
total shrinkage). These two periods are separated by the so
called “critical point” at which the sample shrinkage is strongly
suppressed, as the particulate network “stiffens” and becomes
able to resist the high capillary pressures occurring in the
process of drying.3,6,20

In a detailed study of the process of drying of packed gran-
ular materials, Coussot23 reviewed the main experimental and
theoretical results from previous papers24–29 and demonstrated
convincingly the existence of three distinct regimes of drying,
depending on the relative importance of (i) liquid evaporation
from the surface of the porous material, (ii) liquid evaporation
from the interior of the porous material, and (iii) capillary
effects which are able to transport the impregnating liquid
toward the surface of the porous material and inside its interior.
These regimes appear as consecutive stages in the drying
process of porous materials.23–34 However, the boundary
between two of these stages is not clearly seen when the total
weight of the porous sample (liquid plus solid) is plotted as a
function of time. In the latter plot, the second and the third
stage of evaporation cannot be discerned easily and the evapo-
ration appears as a two-stage process, as reported by most of the
investigators. The physical origin of the three stages, reported in
ref. 23, is explained in Section 3.1 below. Note that relatively
homogeneous, non-shrinking porous materials were analyzed
in ref. 23 – therefore, the model of Coussot should be further
elaborated to describe the properties of shrinking drying foams,
like those studied in the current paper.

Many studies show that the total level of shrinkage could
vary signicantly and might be as low as part of percentage for
chemically settled systems,35 while it could go up to 85% for wet
gels/foams during conventional drying and sintering.14 The
impact of various factors on the shrinkage and total porosity of
the dried materials was studied both experimentally and theo-
retically.3,7 Krokida and Maroulism7 studied the effect of the
drying methods on the shrinkage and porosity of different
fruits. Methods used in their study included conventional,
vacuum and microwave drying, osmotic dehydration and freeze
drying. They showed that all methods, beside freeze drying, lead
to similar nal results for both the shrinkage and the nal
porosity of the products.7 These results were conrmed for
particle stabilized foams by the group of Gonzenbach et al.3 who
compared conventional drying at different temperatures and
freeze drying.

Recent reviews on the effect of drying temperature and air
humidity were published by Katekawa and Silva,15 Khallou
et al.,16 Kowalski and Pawlowski.17 It was shown that the
samples dry with fewer cracks at lower temperatures, higher
humidity and unidirectional drying. Effect of pH on the struc-
ture of dried gels was discussed by Brinker and Scherer6 on the
basis of publications by Kawaguchi et al.12 and Yamane et al.18

They showed that silica xerogels shrink and crack less when
812 | RSC Adv., 2014, 4, 811–823
prepared under alkali conditions which is explained with the
different interactions between the particles in the drying
suspensions. Similar results were obtained in the presence of
surfactants.19 This effect of surfactants was attributed to the
decreased capillary pressure between the particles during
drying.20 Scherer20 discussed also that the presence of electro-
lyte might have an impact on the drying kinetics of the samples,
through a gradient of the osmotic pressure developed in the
process of drying. A study published recently by Rad and
Shokri21 showed that salts indeed change the evaporation rate
of water. The salts were found to have a signicant impact on
the mechanical integrity of the porous gels in some cases22 in
which salt crystallization may occur.

Several empirical and theoretical models were proposed to
account for the shrinkage effects on the porosity of the drying
systems, depending on the experimental conditions (see the
reviews by Katekawa and Silva,15 and Madiouli et al.8). All pre-
sented models, however, account only for very low (below 20%
air) or no initial porosity of the wet precursor. The presence of
initial cavities in the drying system, such as pre-dispersed
bubbles, was not taken into consideration. Therefore, these
models are not directly applicable to particle-stabilized foams
and the question how to describe the shrinkage during drying of
these specic systems is open.

The major aims of the current study are (1) to perform a
coherent set of experiments on drying of particle-loaded
aqueous foams in order to understand better the drying
mechanism of these systems, and on this basis, (2) to develop a
theoretical model for predicting the shrinkage and the nal
mass density and porosity of the obtained dry porous materials,
before their possible post-processing which may include
hydrophobization, sintering at high temperature, loading with
catalytic nano-particles, etc. As we show below, the shrinkage
process and the nal properties of the porous material can be
described by a simple set of equations, derived by considering
the mass balances of particles, water and air in the sample, and
the main regimes of drying, as described in ref. 23.

The structure of the paper is the following: Section 2 presents
the materials and methods used. In Section 3, the main drying
regimes of the porous materials are briey described (following
the ideas from ref. 23) and an explicit theoretical model,
relating the properties of the foam precursor with the properties
of the nal porous material, is proposed. Two other possible
theoretical models are also dened (see also the ESI Materials
section†). Section 4 presents the main experimental results and
their comparison with the theoretical models. Section 5
describes and explains the main stages of foam evolution
during its drying and transformation into porous material.
Section 6 summarizes the main conclusions of the study. The
used notation is listed at the end of the text.

2. Materials and methods
2.1. Materials

Commercial powder of amorphous precipitated silica particles
with concentration $87% (Tixosil 365, Rhodia) was used as
particle source. According to its producer, the humidity loss
This journal is © The Royal Society of Chemistry 2014
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from this powder is 7 wt%, as determined by ISO 787/2 method
(2 h at 105 �C). The ignition loss is 11 wt% determined by ISO
3262/11 method at 1000 �C. Along with particles, the product
contains 1.5 wt% of soluble salts, determined by ISO 7888
method. The mean particle diameter provided by the manu-
facturer is d50 z 3.5–4 mm.

For the mass balance calculations below we assume that the
original Tixosil powder contains 87.5 wt% particles with mass
density of 2100 kg m�3, and NaCl as inorganic salt with
concentration of 1.5 wt% and mass density of 2165 kg m�3. The
physically bound water in the powder is 7 wt% with mass
density of 997 kg m�3 (25 �C), while the remaining 4 wt% are for
chemically bound water with (assumed) mass density of approx.
997 kg m�3.

Two surfactants were used to modify the silica particles and
to improve foam stability. Unfortunately, they could not be
currently disclosed as they are a trade secret of the company
funding this study. They would be denoted as surfactant 1 and 2
in the text below. For preparation of all solutions and suspen-
sions, deionized water was used, as produced by Elix 3 module
(Millipore Ltd.).

Highly viscous silicon oil (WACKER® AK 10 000, Wacker
Silicones) was used in some of the measurements of the mass
density of the dry porous materials, see Section 2.2.3 below.
This oil has a dynamic viscosity of 10 000 mPa s and density of
ca. 970 kg m�3.
2.2. Methods

Porous materials were prepared through direct foaming of
silica–surfactant suspensions at pH¼ 8.5. Two surfactants were
used to check whether the surfactant type has inuence on the
properties of the nal porous material. Aer preparation, the
wet foam samples were dried at ambient conditions and their
mass and volume were measured to determine the nal mass
density of the porous material and the volumetric shrinkage
during drying – see below for the respective procedures.

2.2.1. Suspension preparation. Silica suspensions with
pH ¼ 8.5 were prepared in the following way: the necessary
mass of silica particles was weighted in a polyethylene jar and
deionized water was added. The suspension was homogenized
on a ball mill drive (BML-2, Kugelmühlen-Antrieb) at 150 rpm
for 30 min with glass balls of 7 mm diameter. Aerwards, this
suspension was further homogenized for 2 h with a pulse son-
icator (SKL-650W, Syclon). Sonicator was set to 1 s long pulses,
separated by 0.5 s off periods, and power output of 450 W was
applied, using a sonotrode with 10 mm diameter. The suspen-
sion pH was adjusted to 8.5 by addition of the necessary amount
of 2 M NaOH and the suspension was homogenized again for
5 min with the ball mill and 60 min with the sonicator.
Surfactant 1 or 2 was added to the silica suspension just before
foaming.

The surface tensions of the surfactant solutions before
mixing them with the silica suspensions were between 31 and
37 mN m�1 and depended weakly on the surfactant concen-
tration, because these solutions were above the critical micelle
concentration (CMC) of the surfactants. The surface tensions of
This journal is © The Royal Society of Chemistry 2014
the aqueous phases, separated by centrifugation of the particle
suspensions, were 70.5 mN m�1 for suspension without
surfactant (almost equal to that of pure water), 32.5 mNm�1 for
surfactant 1 (i.e., the surfactant in the aqueous phase was still
above its CMC), and around 60 mN m�1 for surfactant 2 (i.e.,
most of this surfactant was adsorbed on the particle surface, so
that its concentration in the aqueous phase was below its CMC).

2.2.2. Foam generation. Powerful planetary mixer (Ken-
wood Chef Premier KMC 560, 1000 W) was used for the foam
generation. The mixer was set to maximum speed until certain
volume of foam was generated by air entrapment from the
atmosphere. Then the mixer was stopped and the obtained
sample was transferred into a Petri dish with known volume
(VF0 ¼ 28 mL � 2%) to measure the foam mass, mF0. The initial
foam air volume fraction, F0, was calculated from the measured
foam mass using the equation:

F0 ¼ 1� VS0

VF0

(1)

where VS0 is the initial volume of the suspension, from which
the foam is made, and VF0 is the initial foam volume. The
notation 4P0 is used for the initial mass fraction of the particles
in the suspension, which is dened as:

4P0 ¼
mP

mP þmSP þmWO

¼ mP

mF0

(2)

where mP is the mass of the silica particles in the foam (it does
not change during foam drying), mSP is the mass of the salt,
which comes from the particles (it also does not change during
drying), whilemWO is the initial mass of the water in the foamed
suspension. As usual, the mass of the foam is assumed to be
equal to the mass of the suspension, from which this foam is
prepared, because the mass of the entrapped air is negligible.
The ratio mSP/mP z 1.5/87.5 ¼ 0.01714 is xed in our experi-
ments from the commercial composition of the used particle
source (Tixosil 365). Assuming that the suspension volume is
equal to the volume of the particles, salt and water, we can write:

VS0 ¼ mWO

rW
þmP

rP
þmSP

rS
(3)

where rW, rp and rS are the mass densities of water, particles
and salt, respectively. Expressing mP and mWO as a function of
mF0 and 4P0 from eqn (2) and substituting into eqn (3) we can
determine VS0 as a function of mF0 and 4P0 and aer
substituting into eqn (1) we derive:

F0 ¼ 1� bð4P0Þ
mF04P0

VF0

VF0 ¼ bð4P0ÞmP

1� F0

(4)

where b(4P0) is a physical parameter which has the meaning of a
specic suspension volume per gram of particles in the
suspension:

bð4P0Þ ¼
VS0

mP

¼ VS0

4P0mF0

¼ 1

rP
� 1

rW
þmSP

mP

�
1

rS
� 1

rW

�
þ 1

4P0rW

(5)

Note that 4P0 denotes the mass fraction of particles in the
original suspension, as used in the foaming process. During the
subsequent drying of the foams, the water evaporation reduces
RSC Adv., 2014, 4, 811–823 | 813
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the total mass of the foam which leads to related increase of the
mass fraction of particles in the foam – this increasing mass
fraction is denoted hereaer as 4P(t).

The air volume fractions, determined by eqn (1), were highly
reproducible for foams with F0 > 0.35, with statistical error less
than 0.02. For F0 < 0.35, the statistical error could reach up to
0.05. Therefore, only foams with F0 > 0.35 are considered in this
study.

2.2.3. Foam drying. Aer determining F0, foam samples
with size 5–8 cm in diameter and 2–3 cm in height, were le to
dry under ambient conditions – room temperature of 28 � 5 �C
and 40� 10% humidity. The containers with foams were loosely
covered with a piece of lter paper to reduce the drying rate of
the samples. Aerwards, they were le to dry for 2–3 weeks,
until constant mass of the obtained porous materials was
reached. No special drying conditions were applied because
control experiments showed that the studied properties of the
nal dry porous materials practically did not depend on such
variations of the drying conditions. The mass density of the
dried samples was determined gravimetrically with accuracy of
0.01 g. The sample volume was measured by two different
methods: (1) Vernier caliper method and (2) Archimedes
method.

Vernier caliper method. The diameter, d, and height, h, of the
porous materials were measured aer drying with an accuracy
of 0.5 mm. Some of the samples were slightly deformed during
drying, so their diameter and height were averaged from several
independent measurements in different directions. The sample
volume was determined from the geometrical relation:

VPM ¼ phd2

4
� 9% (6)

where �9% is the estimated maximum error in this type of
measurement.

Archimedes method. Pieces from the dry samples with known
mass were placed in a 50 mL graduated cylinder and then sili-
cone oil AK 10000 (WACKER®) with known mass was poured
gently over the sample. This viscous oil was chosen not to allow
the sample to oat during the experiment, as well not to ll in
rapidly the sample pores (as do the low viscosity oils or water).
The sample volume was determined from the equation:

VPM ¼ VTotal �mSilOil

rSilOil

(7)

wheremSilOil and rSilOil are the mass and the mass density of the
used silicone oil, while VTotal is the sum of the volume of the
porous material and the added silicone oil.

The difference between the results obtained by these two
methods was found to be less than �5% from 10 independent
measurements of various samples. Therefore, the easier Vernier
scale method was used for the systematic measurements
described below.

Aer the sample volume was determined, the mass density
of the porous materials, rPM, and the volumetric shrinkage, K,
were calculated using eqn (8) and (9):

rPM ¼ mPM � 1%

VPM � 9%
(8)
814 | RSC Adv., 2014, 4, 811–823
K ¼ ðVF � 2%Þ � ðVPM � 9%Þ
ðVF � 2%Þ (9)

The measurement error for all of the studied systems was
estimated to be around 10% for the mass density of the mate-
rials and <15% for their volumetric shrinkage.

2.2.4. Optical observations. Microscope observations of
drying foams were performed to verify the proposedmechanism
– see Section 4 below. Foams with known initial bubble volume
fraction, F0, and initial particle mass fraction in the aqueous
phase, 4P0, were prepared by the procedure from Section 2.2.2.
These foams were transferred in a Petri dish with 5 cm diameter
and 2 cm height. The uppermost layer of bubbles, in contact
with the atmosphere, was observed in reected light with
microscope Axioplan (Zeiss, Germany) equipped with a long-
distance objective Zeiss Epiplan 20�/0.40, CCD camera, video-
recorder and monitor. Under these conditions, the foam lms
between the bubbles and the atmosphere appear as separated
circular or elliptical regions, whereas the thicker Plateau
channels around these lms appear as brighter interconnected
regions. The size of the individual bubbles could be estimated
from such images by measuring the projected area of each
bubble, Ai (the subscript i denotes the number of the observed
bubble). The following formula is used, Ri(t) ¼ (Ai(t)/p)

0.5, to
estimate the radius Ri of the observed bubbles. We used the
video records to determine the change in the size of the
observed bubbles in drying foams. Bubble volumetric shrinkage
was determined, as a function of time, and compared to the
shrinkage of the respective macroscopic sample.

3. Theoretical models
3.1. Main regimes of convective drying of porous material

As demonstrated by Coussot23 one can dene three regimes of
drying of the porous materials, depending on the relative
importance of the surface evaporation, capillary transport of
liquid, and evaporation from the interior of the porous sample.

In the rst regime, the evaporation from the surface of the
porous sample is dominating. The water leaving the porous
material is replaced by air entering from the surrounding
atmosphere. The experimental data and the theoretical analysis
showed23 that the entering air is not trapped around the surface
of the porous material, but it rather penetrates deep into the
sample by lling the largest pores in the material. Thus the area
of the liquid surface in close proximity to the walls of the
material remains almost constant and, therefore, the rate of
liquid evaporation remains also relatively unchanged. This
period of constant evaporation rate (called also “funicular
regime” due to the continuous transport of liquid from the
interior toward the surface of the sample) is characterized with
the existence of a continuous liquid network throughout the
entire sample.

The second regime occurs when the largest pores in the
sample are lled with air, so that the major fraction of the pores
at the sample surface becomes comparable in diameter to the
major fraction of pores inside the sample interior. In this stage,
part of the sample surface becomes depleted of liquid and, as a
This journal is © The Royal Society of Chemistry 2014
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result, the liquid close to the surface breaks into discontinuous
wet patches. During this stage, the capillary pressures inside the
pores increase and lead to redistribution of the liquid inside the
interior of the sample, as a result of the capillary suction effects
of the smaller pores. This stage appears in the drying kinetics as
the “rst decreasing rate period”.

In the “second decreasing rate period” the liquid breaks into
separate patches inside the liquid interior as well (so-called
“pendular regime”). Here the extensive liquid redistribution,
caused by the capillary effects, is halted and a completely dry
front slowly recedes from the surface of the sample towards its
interior, as a result of liquid evaporation from the separated
liquid pools.

As we will see below, these three regimes could be seen in our
experiments with drying foams. However, the original analysis
of Coussot23 is performed for non-shrinking, relatively homo-
geneous granular materials. As a result, in this analysis all air,
needed to replace the evaporating water, is coming from the
external atmosphere. In contrast, we have shrinking foams,
containing bubbles with high volume fraction (above 0.5).
Therefore, our system differs in two important aspects from the
systems considered in ref. 23: (1) appropriate mass balance of
the particles and water should be dened to account for the
sample shrinking; (2) the possible replacement of the evapo-
rating water by air from both the external atmosphere and the
entrapped air bubbles should be considered. Therefore, the
approach from ref. 23 is further modied in the following
Sections 3.2 and 3.3 to account for these two additional effects.
3.2. Mass balance of water and particles in shrinking porous
material

Any theoretical model should include a rigorous mass balance
of the water and of the solid particles in the drying shrinking
material, as briey described in this section.

The mass of the porous materials aer drying, mPM, is equal
to the mass of the foam structural elements that contain
particles aer drying. For brevity, the various structural
elements of the foams which may contain particles aer drying
(nodes, Plateau channels and foam lms) are called “foam
walls” in the following consideration.

mPM ¼ mwall ¼ rwallVwall (10)

here Vwall is the volume of foam walls and rwall is the average
mass density of the dry foam walls. rwall is assumed to be
constant for a given sample (on average) and depends on the
particle close packing aer drying (see Fig. 6 below for
justication).

Combining eqn (8) and (10) we derive the following equation
for the nal mass density of the porous material:

rPM ¼ mPM

VPM

¼ mPM

mPM

rwall
þ VBD

(11)

where VBD is the volume of the bubbles in the nal dry material.
More precisely, VBD is the volume of pores in the nal dry
material which is inherited by the bubbles in the initial wet
This journal is © The Royal Society of Chemistry 2014
foam. Taking into consideration eqn (4), (9) and (11), one
derives the following equation for foam shrinkage:

K ¼ VF0 � VPM

VF0

¼ 1�

�
mPM

rwall
þ VBD

�

bð4P0ÞmP

1� F0

(12)

where VF0 is the initial foam volume, VPM is the volume of the
nal porous material, F0 is the initial bubble volume fraction in
the foam, mP is the mass of the particles. Eqn (11) and (12) are
simple mass balance equations and do not allow us to predict
when the shrinkage of the sample would stop. Therefore in the
following Section 3.3 we use additional assumptions about the
changes in the foam structure, in the process of drying, in order
to obtain a complete set of equations describing the relations
between the initial wet foam and the nal dry porous material.
3.3. Final mass density and degree of shrinkage of the nal
porous material

To complete the set of eqn (11) and (12) we have to dene two
(still unknown) independent quantities – the nal mass density
of the foam walls, rwall, and the volume of the bubbles in the
nal porous material, VBD. As explained in Section 3.2 and
proven in Section 4, we assume that rwall is determined by the
particle close packing aer drying. However, it is not obvious in
advance how to relate the initial bubble volume fraction in the
wet foam, F0, with the nal volume of the bubbles in the dry
porous material, VBD. The main reason for this uncertainty is
that the bubbles may shrink in the drying process (following
the shrinkage of the entire sample) and, in addition, could
provide air to ll the micro- and nanopores between the parti-
cles in the drying foam walls. Therefore, one must consider a
mass balance of the air in the drying samples to complete the
set of eqn (11) and (12). Three different possibilities for air
redistribution are considered below, which are formulated as
three theoretical models to be compared with the experimental
results in Section 4.

As explained by Coussot23 the capillary pressures developed
in the process of drying of porous materials are sufficiently high
to transport liquid from the bulk toward the surface of the
material and inside the porous material. These pressures are of
the order of s/Rp where s z 30 mN m�1 is the liquid surface
tension and Rp is the pore radius. For nanometer sized pores,
like those formed in our samples, these pressures could be as
high as 107 Pa.

In the case of shrinking bubbled materials, like the foams
studied here, we should compare these capillary pressures to
the compression yield stress of the foam walls (which resists the
sample shrinkage) and to the capillary pressure of the trapped
bubbles. The bubble capillary pressure is of the order of s/RB z
103 Pa where RBz 10�4 m is the bubble radius. Thus we see that
the capillary pressures developed in the pores are many orders
of magnitude higher than the bubble capillary pressure. Esti-
mating the compression yield stress is a more difficult task,
because there are no simple theoretical models to account for
the complex structure of the studied systems. Furthermore, in
RSC Adv., 2014, 4, 811–823 | 815
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the process of sample shrinking, the particles rearrange and
acquire more compact structure inside the foam walls, which
leads to a signicant increase of the compression resistance.
For all models considered below we assume that the foam
shrinkage would stop when the foam wall density becomes
equal to a given value rwall, which corresponds to a sufficiently
high yield stress, able to counterbalance the compressing
capillary pressure.

The above estimates suggest that the shrinking process is
driven and dominated by the high capillary pressures developed
in the pores of the foam walls, while the capillary pressure of the
bubbles has negligible effect. Therefore, in the rst model of
sample shrinkage we assume that the foam walls and the
bubbles shrink equally during drying, viz., affine shrinkage of
the material is realized:

K ¼ Kwall ¼ VS0 � Vwall

VS0

(13)

here Kwall is the shrinkage of the walls, VS0 is the initial volume
of the suspension (the “continuous” phase) in the foam and
Vwall is the volume occupied by the foam walls aer drying.
Under these assumptions we derive:

VBD ¼ (1 � K)VB0 ¼ (1 � K)F0b(4P0)mP/(1 � F0) (14)

The pores in the drying foam walls are lled by air coming
from both the bubbles and the atmosphere. Under these
Fig. 1 Predictions of the three theoretical models for the final mass den
density and (B) shrinkage of the materials, as functions of the initial bubble
the suspension, 4P0¼ 0.15; (C) mass density and (D) shrinkage of themate
F0 ¼ 0.70. The curves represent the predictions of Model 1 (blue curves),
of the wall is assumed to be 460 kg m�3 and the final mass density of the
dried suspensions (Section 4.2).

816 | RSC Adv., 2014, 4, 811–823
assumptions, the following nal equations are derived to
describe the mass density and the shrinkage of the porous
material:

rPM ¼ rwall(1 � F0) (15)

K ¼ 1� 1

rwall4PD

1

bð4P0Þ
(16)

here 4PD is the mass fraction of the particles in the dried porous
material. Reasonable assumption is that the walls in the nal
dry porous material have the same composition as the initial
particle source, viz. 4PD ¼ 0.875. The rest is salts and bound
water which may remain in the walls of the porous material
when the latter is dried under ambient conditions.

Hereaer, we denote eqn (15) and (16) as “Model 1”.
According to this model, the mass density of the nal dried
materials depends on the initial bubble volume fraction, F0,
while the foam shrinkage is independent of F0 but depends on
the particle mass fraction in the initial suspension, 4P0 (Fig. 1A–
D). For this model, the shrinkage stops completely if the initial
foam is prepared from suspension with initial particle
concentration of 4P0 ¼ 0.332 when rwall ¼ 460 kg m�3 (see
Fig. 1B and D). Much larger shrinkage is predicted by this
model, as compared to the other two models (see Fig. 1B).

Although physically justied, Model 1 is not the only theo-
retical construction one could dene for the process studied. In
the ESI† we dene two other models which differ mainly in the
sity and the shrinkage during drying of the porous materials. (A) Mass
volume fraction in the wet foam, F0, for initial particle mass fraction in
rials, as functions of 4P0 for foams with initial bubble volume fraction of
Model 2 (red curves) and Model 3 (green curves). The final mass density
particles in the foam walls is 0.875, as we found in the experiments with

This journal is © The Royal Society of Chemistry 2014
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assumptions about the origin of air, needed to replace the
evaporating water from the shrinking sample. One of these
models assumes that all air is taken from the atmosphere (as in
the case of non-shrinking samples) whereas the second model
takes the other extreme, namely, that all air is taken from the
bubbles initially trapped in the foam. These models are called
hereaer “Model 2” and “Model 3”.

Model 2 is based on the assumption that the evaporating
water is replaced by air from the atmosphere only, while the
bubble volume remains constant during drying. Then the
following expressions for the mass density of the nal porous
material and for its degree of shrinkage are derived (see ESI†):

rPM ¼ 1

1

rwall
þ F0

1� F0

bð4P0Þ4PD

(17)

K ¼ ð1� F0Þ
�
1� 1

rwall4PD

1

bð4P0Þ
�

(18)

This model predicts a gradual decrease of the mass density
of the dry samples with the increase of bubble volume fraction
in the wet foam, F0, at given particle concentration in the initial
suspension (see Fig. 1A) and an increase of the sample mass
density with the increase of particle concentration at constant
F0 (Fig. 1C). The shrinkage should depend both on the initial
particle concentration, 4P0, and on the initial air volume frac-
tion, F0.

Model 3 is based on the assumption that the evaporating
water in the foam walls is preferentially replaced by air taken
from the bubbles. Under this assumption, the mass density of
the nal porous material and the shrinkage of the samples are
described by (see ESI†):

rPM ¼ 1

F0bð4P0Þ4PD=ð1� F0Þ � ð4PD=4P0 � 1Þ=rw þ 1=rwall
(19)

K ¼ ð1� F0Þ
�

1

4P0

� 1

4PD

�
1

rwbð4P0Þ
(20)

This model predicts a linear decrease of K with the increase
of air volume fraction, at xed initial particle concentration
(Fig. 1B).

As seen from Fig. 1, Models 1–3 predict very different
dependences of rPM and K on 4P0 and F0. The latter fact allows
one to check these models by comparing their predictions to
experimental data for foam shrinkage during drying.
4. Experimental results and data
interpretation

In the current section, results from the experiments on drying
and shrinkage of particle-stabilized foams are presented and
compared to the theoretical models. The effects of particle
concentration and bubble volume fraction are investigated
systematically. Several additional series of experiments were
performed to demonstrate that the surfactant type and
concentration had minor effect on the process of drying.
This journal is © The Royal Society of Chemistry 2014
4.1. Stages of foam drying

Experimental results for the kinetics of drying and shrinkage of
particle-stabilized foam are presented in Fig. 2. In this experi-
ment, foam with F ¼ 0.78 and 4P0 ¼ 0.158 was prepared in the
presence of 6.6 � 10�2 wt% surfactant 2 at pH 8.5. Linear
decrease of the foam mass with time was observed during the
rstz 500 min, see Fig. 2A. During this period, no shrinkage of
the foam was observed, cf. Fig. 2A and C. Aerwards, gradual
decrease of the drying rate was observed until a constant foam
mass was reached aer >6000 min (100 h). The nal mass of the
dry material corresponded precisely to the amount of Tixosil
365 which was introduced initially in the sample (silica parti-
cles, salt and water coming from the particles), so the whole
amount of water added to prepare the silica suspension was
evaporated and the nal mass fraction of silica particles in the
dried material is 0.875, see Fig. 2B. During the second period
(the falling rate period), signicant shrinkage of the foam was
observed – see Fig. 2C. This shrinkage was close to linear in the
main period, from ca. 500–1800 min, and continued more
slowly from 1800 to 2800 min. The total volumetric shrinkage
was around 60% and it stopped well before the entire water was
evaporated from the sample, cf. Fig. 2B and C.

Note that these results with foams differ in one very impor-
tant aspect from the results reported in literature for drying
particulate gels – the gels were shrinking predominantly during
the initial “constant rate period”, whereas we observe a very
clear “induction” period before the shrinking starts. Qualitative
explanation of the shape of the shrinkage curves, like that
shown in Fig. 2C is given in Section 5 below.
4.2. Comparison with the theoretical models

As one can see from the model predictions, one of the main
differences between the proposed models is the dependence of
the foam shrinkage on the initial bubble volume fraction, see
eqn (13–20) above. Models 2 and 3 predict that the shrinkage
depends signicantly on the initial bubble volume fraction,
whereas Model 1 predicts that the shrinkage does not depend
on F0, see Fig. 1A. To compare the experimental results with the
model predictions, several foams with different bubble volume
fractions were rst prepared, at xed concentrations of silica
particles and surfactant. Representative results from these
experiments are shown in Fig. 3, where the shrinkage of foams
with particle mass fraction in the initial suspension 4P0¼ 0.158,
in presence of 6.5 � 10�2 wt% surfactant 2, was studied at F0 ¼
0.57; 0.78 and 0.87. The shrinkage is presented in Fig. 3A as a
function of the particle mass fraction in the sample during
drying, 4P(t). This fraction increases as water evaporates from
the sample via the following mass balance:

4P ¼ mP0/mF(t) (21)

heremP0 is the initial mass of the silica particles andmF(t) is the
total mass of the foam, measured at moment t. As seen from
Fig. 3, the three samples exhibited very similar trends – initial
induction period with no shrinkage, then relatively rapid
shrinkage, and nally a constant foam volume was reached,
RSC Adv., 2014, 4, 811–823 | 817



Fig. 2 Experimental results for drying of particle-stabilized foam with initial bubble volume fraction F0 ¼ 0.78, and initial particle mass fraction
4P0 ¼ 0.1575. The foam is formed in presence of 0.066 wt% surfactant 2 in the aqueous suspension. Kinetics of (A) foam mass decrease; (B)
particlemass fraction increase and (C) sample shrinkage as functions of drying time. The dashed curves are guides to the eye, whereas the arrows
show the predictions of the sample shrinkage by Model 1 (blue arrow); Model 2 (red arrow) and Model 3 (pink arrow). For the theoretical
calculations rwall ¼ 460 kg m�3 is assumed.
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although the water was still evaporating from the sample (while
4P was increasing in the foam walls from 0.4 to 0.875). The
differences in the shrinkage of the different foams was negli-
gible and within the experimental error. Illustrative images of
dried foams with the same initial volume are shown in Fig. 3B
and C for samples with F0 ¼ 0.57 and 0.78, respectively.
Samples before drying had a diameter of 7.5 cm and shrunk
aer full drying to ca. 5.8 cm for both samples. The volumetric
shrinkage was K z 60%, i.e. the samples shrunk to z40% of
their initial volume. The results about the total shrinkage of
these samples are in a very good agreement with the values
predicted by Model 1, whereas the other models predict
different shrinkage levels, see the red lines in Fig. 3.

It is worth noting that all these samples stopped shrinking at
a specic particle mass fraction in the drying foam 4P z 0.33.
To investigate this observation in more details, we prepared
foams with the same bubble volume fraction, but with different
particle concentrations in the foamed suspension. Fig. 4
represents the shrinkage as a function of 4P for these samples
The presented data are for initial particle mass fractions of
4P0 ¼ 0.121; 0.158 and 0.241. Both initial wet foams had bubble
volume fraction F0 ¼ 0.57 � 0.03. Again S-shaped curves were
observed for the sample volume vs. time, see Fig. 4. Shrinkage
was faster and greater for the sample with lower initial
concentration of particles. The nal shrinkage was about 75%
for 4P0 ¼ 0.121 and about 31% for foam with 4P0 ¼ 0.241. The
values predicted by Model 1 are in relatively good agreement,
818 | RSC Adv., 2014, 4, 811–823
68% and 33%, respectively, whereas the other models predicted
much lower shrinkage. In both cases, the shrinkage stopped at
around the same nal concentration of particles (4P ¼ 0.33 �
0.05). Therefore, this particle concentration corresponds to the
maximum packing of the particles in the foam walls during
drying.

To check whether the theoretical Model 1 is applicable to
foam samples, containing different surfactants, we investigated
the kinetics of shrinkage of foams containing surfactant 1 or 2.
Fig. 5 represents the shrinkage of the samples as a function of
4P. The presented data are for 4P0 ¼ 0.158, in the presence of
0.50 wt% surfactant 1 or 0.10 wt% surfactant 2. For both
samples no shrinkage was observed during the initial period.
Aerwards, there was a rapid shrinkage until plateau region for
the foam volume was reached. The nal shrinkage was about
60 � 3% for both samples, despite the different types and
concentrations of surfactant used. One should note that the
shrinkage stopped again at 4P ¼ 0.33 � 0.05 for both
surfactants.

To check the aforementioned hypothesis about the role of
the maximum particle packing density which prevents further
shrinkage, and to study the effect of the surfactant type and
concentrations on this nal packing density, we performed
model experiments by non-foamed suspensions of the same
particles, in the presence and in the absence of surfactants.
Surfactant 1 or 2 was added to the silica suspensions which
contained particles with 4P0 ¼ 0.131. Aer adding the
This journal is © The Royal Society of Chemistry 2014



Fig. 3 (A) Shrinkage as a function of particle mass fraction 4P inside the
sample during drying. Samples with initial 4P0¼ 0.1575 at different initial
bubble volume fractions,F0 ¼ 0.57 (green triangles), 0.78 (blue squares)
and 0.87 (red circles) are studied. The lines indicate the predictions of the
three models described in Section 3 –Model 1 (blue lines); Model 2 (red
lines) andModel 3 (pink lines) for samples with different volume fractions
of 0.57 (dashed lines); 0.78 (dashed-dot lines) and 0.87 (continuous
lines). Note thatModel 1 predicts the same shrinkage for all samples with
different initial bubble volume fractions. Pictures of the foams after
drying for (B)F0¼ 0.57 and (C)F0¼ 0.78, and (D) SEM image for sample
with F0 ¼ 0.78. Diameter of the dry samples is 5.8 cm, whereas the
internal diameter of the Teflon mold is 7.5 cm.

Fig. 4 Shrinkage as a function of 4P inside the sample during drying,
for foams formed from initial suspension with 4P0 ¼ 0.121 (blue
squares); 4P0 ¼ 0.158 (green triangles) and 4P0 ¼ 0.241 (red circles).
The three samples are with initial bubble volume fraction of F0 ¼
0.57 � 0.03. There is a final particle concentration in the foam walls
(denoted by the vertical black line) above which no shrinkage is
observed. The horizontal lines show the predictions for the final
compaction of these samples, based on Model 1.

Fig. 5 Shrinkage as a function of 4P inside drying samples with initial
particle mass fraction 4P0 ¼ 0.158 + 0.5 wt% surfactant 1 (red circles)
or + 0.10 wt% surfactant 2 (blue squares), at initial bubble volume
fraction F0 ¼ 0.57 � 0.02. The three lines indicate the predictions of
the theoretical models from Section 3.

Table 1 Mass density of 13.1 wt% silica suspensions, dried at ambient
conditions, in the presence and in the absence of surfactants

System
Surfactant concentration
in the suspension, wt%

Density of the dried
suspensions, kg m�3

Suspension 0 462 � 20
+ Surfactant 1 0.50–1.00 464 � 20
+ Surfactant 2 0.10–0.25 460 � 20
Average 462 � 20
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surfactant, the suspensions were mixed very gently to avoid any
air entrapment. Aerwards they were dried at ambient condi-
tions and their mass densities were measured and compared.
This journal is © The Royal Society of Chemistry 2014
During drying, these suspensions broke into small pieces, so
shrinkage of the samples could not be measured very accurately
(note that the respective foam samples did not break during
drying). However, these small pieces could be used for deter-
mination of their mass density by the Archimedes method
(Section 2.2.2). The obtained results are presented in Table 1.
The mass density of the dried suspensions was around 460 �
20 kg m�3 for all these samples, with and without surfactants.
This means that the nal packing of the particles depended
primarily on their compaction under the action of the high
capillary pressures in the drying samples, while parameters
which do not affect his compaction (rate of water evaporation,
type and concentration of surfactant, etc.) had secondary
importance.

Another important result of this measurement was that the
mass density of 460� 20 kgm�3 corresponds to about 4P¼ 0.33
packing fraction of particles in the suspension. This result is
rather close to what we observed as a value for the particle
packing at the end of the compaction process of the drying
foams (cf. Fig. 3–5) and it is also in a very good agreement with
the value of rwall, as determined from the t of the theoretical
Model 1 to the experimental data (see Fig. 6B below).

A comparison between the obtained experimental data and
the theoretical predictions of the three models is presented in
Fig. 6 for many different samples, varying in the surfactant type
and concentration, particle mass fraction in the foamed
suspension, and the bubble volume fraction in the wet foam. All
RSC Adv., 2014, 4, 811–823 | 819



Fig. 6 Measured mass density of the final porous materials vs. the theoretical predictions of: (A) Model 1, (B) Model 2, and (C) Model 3 for 100
samples, differing in the initial particle concentration, bubble volume fraction, and type and concentration of surfactant in the foamed suspension.
The straight lines represent the model predictions while the symbols represent experimental data. (D) Measured foam shrinkage vs. the predicted
shrinkage for Model 1 (blue squares), Model 2 (red circles) and Model 3 (green circles). The correlation coefficients and the respective values for rwall

are indicated in the figures – these values are determined from the linear fits to the data and are different for Models 1 to 3.
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three models describe the mass density of the porous materials
reasonably well, if appropriate rwall is assumed for each model.
The experiments with drying silica suspensions (see Table 1)
indicate that the most probable mechanism is the one encryp-
ted in Model 1, as the mass density of the dry silica suspension
is closest to the wall density needed to explain the foam data by
this model (460� 20 kgm�3 measured and 477 kgm�3 from the
theoretical t). Even more decisive discriminator between the
models is the foam shrinkage. Fig. 6D represents the three
model predictions, as functions of the measured shrinkages. It
is obvious that only Model 1 predicts such high shrinkages of
the samples, as those observed experimentally.
Fig. 7 Microscopic shrinkage of bubbles in a foam with initial particle
mass fraction 4P0 ¼ 0.158 + 1.8 � 10�2 wt% surfactant 2 (A) Immedi-
ately after foam preparation and (B) After 450 min of drying. The
colored ellipses indicate the initial (in A) and the final sizes (in B) of the
same bubbles. The volumetric shrinkage of the bubbles can be esti-
mated from the projected bubble area, as explained in Section 2.2.4. In
this particular experiment the projected area of the bubbles decreased
by 51 � 8% which corresponds to a volumetric shrinkage of these
bubbles by 66 � 10%. For comparison, the volumetric shrinkage of the
respective macroscopic sample was 70%. The distance between the
two vertical bars at the bottom of the image is 50 mm.
4.3. Bubble shrinkage during foam drying

One feature of Model 1 is the prediction that the bubbles shrink
inside the drying foam at the same level (on average), as the
macroscopic sample. Optical observations of drying foams were
performed to verify this prediction. Wet foams were prepared
and transferred into two Petri dishes with the same volume.
One sample was observed in reected light during its drying to
video-monitor the changes in the bubble size, whereas the other
sample was used for measurements of the shrinkage of the
macroscopic sample.

Bubbles volumetric shrinkage was calculated from the video
records as a function of time (Fig. 7) and compared to the
results obtained for the shrinkage of the macroscopic sample
(Fig. 8). Results for the samples containing 4P0 ¼ 0.158 + 6.6 �
820 | RSC Adv., 2014, 4, 811–823
10�2 wt% surfactant 2, at F¼ 0.83; and 4P0 ¼ 0.206 + 8.6� 10�2

wt% surfactant 2, at F ¼ 0.65, are presented in Fig. 8A and B,
respectively. One sees a very good agreement between the
measured microscopic and macroscopic total shrinkages of the
same samples. Furthermore, in the rst stages of foam drying
one sees an initial expansion of the bubbles, appearing as
“negative shrinkage” of the bubbles (the empty symbols), which
is easily explained in the frame of Model 1 – see Section 5 below.
Therefore, we can conclude that Model 1 is the one that
This journal is © The Royal Society of Chemistry 2014



Fig. 8 Comparison of the macroscopic shrinkage of the foams (blue
squares) and microscopic shrinkage of single bubbles in the same
samples (empty circles), as functions of time for: (A) 4P0 ¼ 0.206 + 8.6
� 10�2 wt% surfactant 2, atF0¼ 0.65; and (B) 4P0¼ 0.158 + 6.6� 10�2

wt% surfactant 2, at F0 ¼ 0.83. The arrows indicate the predictions of
Models 1–3 for the overall shrinkage of the samples after drying.

Fig. 9 Schematic presentation of the main drying stages of pre-
foamed particle suspensions, as observed in our experiments (cf. with
the experimental data in Fig. 2). (A / B) In the first stage, water
evaporates without shrinking of the sample. The water loss is
compensated by local rearrangement of the walls of the wet foam. (B
/C) During the second stage the sample shrinks significantly, due to a
compaction of the particles inside the wet foam walls, until a critical
packing density of the particles is reached which resists the further
shrinking. In our experiments, this critical particle packing wasz 33 wt
% which corresponds to z23 vol% of fractal silica particles in the wet
foam walls. (C / D) During the final stage, all water is evaporated
(except for the water bound to the particles) without changing the
sample volume and the final dry porous material is obtained.
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describes very well all studied foams, stabilized by the studied
surfactant-silica mixtures.

5. Mechanistic explanation of the
observed stages of drying

The foaming of the silica–surfactant suspensions and their
properties which are crucial for ensuring long-term foam
stability, are two important aspects of the studied phenomenon,
which are not discussed in this paper – they are analyzed in
other studies4,36 and, therefore, we focus here only on the
subsequent stages of drying of the wet foam precursor. For
the following discussion it is important to stress only that the
foamed suspensions must have a certain yield stress, in order to
suppress the gravity-driven drainage of the suspension from the
wet foam which, otherwise, would destabilize the foam before
and during drying.36,37

Let us summarize here the main stages of transformation of
the silica-loaded aqueous foams into dry porous material, as
observed in our study and compare these stages to the physical
regimes of evaporation, as described in ref. 23 and Section 3.1.
All our experimental data are described very well by eqn (15) and
(16) in Model 1, and the following explanations implement the
main assumptions of this model – see Fig. 9 for schematic
presentation.
This journal is © The Royal Society of Chemistry 2014
As seen from Fig. 2–5, the rst stage of water evaporation
does not lead to shrinkage of the wet foam. Because the foam is
loosing around 20% of its mass during this stage (see Fig. 2A),
the only way to explain this result is to assume that there is a
local shrinkage and rearrangement of the foam walls inside the
sample, in order to compensate for the lost volume of water
which leaves the sample. This means also that the bubbles
inside the foam should slightly increase their volume during
this stage to compensate for the water loss. In addition, air
could penetrate from the atmosphere into the bulk of the
sample, via the largest pores in contact with the sample surface,
to compensate for the water evaporation (as in the “funicular
regime” of drying described in Section 3.1). These local rear-
rangements of the foam walls are triggered by the high capillary
pressures which develop in the process of drying. Indeed,
assuming that the pore size in the foam walls is similar to the
size of silica agglomerates (several micrometers) we estimate
that the local capillary pressures in this initial period of water
evaporation could reach up to 107 Pa which is several orders of
magnitude higher than the bubble capillary pressure.

This rst stage of evaporation ends when the capillary
pressure, created by the evaporating water in the pores of the
foam walls, becomes sufficiently high to overcome the
compression yield stress of the foam. In this moment the foam
RSC Adv., 2014, 4, 811–823 | 821
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starts to shrink, due to compaction of the particles in the foam
walls, until the particles acquire a well packed structure, suffi-
ciently strong to resist the compressing capillary forces which
develop in the pores. It is rather possible that some of the silica
agglomerates brake during this stage, under the action of the
strong capillary pressures. Also the bubbles shrinkage in this
stage follows the shrinkage of the foam walls (viz. of the entire
foam sample) because the bubble capillary pressure which
resists shrinkage, is several orders of magnitude lower than the
capillary pressure developed in the foam walls by the evapo-
rating water.

As seen from Fig. 2–6, the end of the second stage occurs
when the mass fraction of particles in the wet foam walls
becomes around 33%. Taking into account the mass densities
of silica and water, we estimate that this moment corresponds
to around 23 vol% of silica particles in the foam walls, for the
used Tixosil sample. One should note that this very important
parameter of the drying process may depend strongly on the
particles used. If the particles are spherical, this close packing is
expected to occur at around 60–80 vol%, depending on the
polydispersity and the interactions between the particles.
However, for highly porous fractal particles, like the silica used
in our experiments, we see that the close packing occurs at 3-
fold lower volume fraction of particles in the foam walls.

During the third stage, no sample shrinkage is observed
although the rest of the water, added in the process of
suspension preparation, is evaporated until the nal dry
material is obtained. We observed that the mass of the nal
product was exactly equal to the mass of the Tixosil powder,
added in the foamed suspension. This means that the nal
porous material still contains around 11% chemically and
physically bound water and 1.5 wt% salt, inherited from the
original Tixosil powder. This nal product has signicant
mechanical strength and might be further post-processed, e.g.
to increase its mechanical integrity via sintering at high
temperature and/or to modify the surface of its pores.

The comparison of Fig. 2A and C shows that the duration of
the rst (induction) period coincides with the period of
constant water evaporation, both proceeding for z500 s. The
following main period of sample shrinking, up to ca. 2000 s for
this particular sample, is characterized with slowly decreasing
rate of water evaporation. The nal evaporation stage, between
2000 and 6000 s, is characterized with small or completely
halted sample shrinkage and much lower evaporation rate.
Similar consecutive stages, although with different durations
and evaporation rates, were observed with the other foam
samples studied. From these observations we may conclude
that the three periods, observed with our shrinking foams,
coincided with the three physical regimes of drying of porous
non-shrinking materials, as described in Section 3.1. This
conclusion is not surprising, because the same capillary pres-
sures, which develop in the tiny pores between the particles, are
able to transport liquid and to compress the particles inside the
porous material, thus leading to shrinkage. Depending on the
compression resistance of the particulate network in the porous
material (compression yield stress), one or another of these two
processes may prevail in a given moment.
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6. Conclusions

A simple theoretical model (Model 1, see eqn (15) and (16)) is
proposed in the current study to describe the process of drying
of particle-stabilized foams. This model allows one to predict
the total shrinkage of the foams aer drying, as well as the nal
mass density of the obtained porous material from the prop-
erties of the wet foam precursor. Only one material parameter is
required to make these predictions – the wall density of the dry
mineral foams. In our study, this parameter was determined
independently, via gravimetrical measurement of the mass
density of the silica suspensions, used in the foaming experi-
ments, aer their complete drying.

Three stages of foam evolution during drying were experi-
mentally observed, as shown in Fig. 2–5 and 9 – induction
period, relatively rapid sample shrinking, and nal water
evaporation at constant volume of the sample. The observed
stages are explained mechanistically by considering the main
physical processes of convective drying of porous materials
(Section 3.1) and accounting for the important role of the
maximum packing density of the particles in the shrinking
foam walls.

In agreement with the theoretical model, we observed
affine shrinkage for the bubbles inside the foams and the
foam walls, viz. the volumetric shrinkage of the bubbles is
equal to the shrinkage of the entire sample, Fig. 7 and 8.
The experimental results for the density and shrinkage of
particle-stabilized foams are described very well by the model
for a wide range of experimental conditions: air volume
fraction of the wet foams varied between 0.35 and 0.83,
particle mass fraction in the foamed suspension varied
between 0.10 and 0.26, different types of surfactant 1 or 2,
and at various surfactant concentrations (varied between
0.05 and 2.85 wt%).

Therefore, we expect that the observed stages (Fig. 2 and 9)
and their theoretical description, eqn (15) and (16), are valid
for a wide range of particle-loaded foams. Furthermore, the
proposed model can be further elaborated to predict the pore
size distribution in the nal porous material, from the initial
bubble size distributions and from the size distribution of the
pores in dried particle suspensions (the latter should be
measured in an independent experiment).
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