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Abstract

Bovine serum albumin (BSA) solutions (5, 10 and 15 vol%) and stabilized aqueous mullite (40 vol%)–BSA (5, 10 and 15 vol%) suspensions
were foamed by mechanical stirring at 2300 rpm. The colloidal and rheological behaviors of suspensions were studied by measuring zeta
potential and shear flow properties, respectively. The foaming performance of aqueous systems was evaluated by characterizing the foaming
capacity and the foam stability by volume and electrical conductivity measurements. Overrun % was considered as a measure of the foaming
capacity, while the variation of this parameter, the foam wetness (ΦFW) and the foam density stability (FDS %) with the stand time and the time to
half collapse (t1/2) were evaluated in order to study the stability of foamed systems. Median bubble diameters, bubble size distribution widths and
bubble shape factors as a function of time were determined by analyzing images captured by confocal laser-scanning microscopy (CLSM). The
results related to the stability of foamed systems were used to evaluate the global destabilization mechanism of these systems, analyzing, in
particular, the influence of the solid particles in the protein foam. The obtained results are useful for studying the shaping of cellular mullite green
bodies from the thermogelation of foamed aqueous ceramic-protein suspensions.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ceramic foams are a type of porous materials with high
porosity. They are cellular structures formed by a three-
dimensional solid network whose more relevant specific
properties, such as low density, low thermal conductivity,
high surface area, and high permeability determine their
technological fields of application (filtration, thermal or
acoustic insulating, catalysis, impact-absorbing structures,
pre-forms for metal–ceramic composites, biomedical implants,
scaffolds for cell growth and high efficiency combustion
burners, among others) [1,2]. Cell size, morphology, and
degree of interconnectedness are also relevant factors that help
determine potential applications for these materials [3]. In
particular, closed-cell materials are needed for thermal applica-
tions, while open-cell materials are required for uses such as

filters and catalysts. Besides the microstructural features and
properties of these materials, which are specially given by the
presence of the cells, the ceramic matrix composition must also
be selected properly [1–4]. Mullite ceramics (2SiO2 � 3Al2O3)
in particular are important materials due to their good
mechanical properties at high temperature as well as their
low thermal conductivity, low thermal expansion coefficient
and good chemical stability. These properties are the reasons
why highly porous mullite materials are amply used. Recently,
a renewed interest in these materials has arisen due to the new
requirements for materials that are being used in emerging
technologies (i.e. development of metal–mullite composites
and porous mullite materials used in the filtration and emission
control of fine particles in the automobile industry) [5–7].
A variety of processing routes is needed in order to make

cellular materials since different properties are required to
cover different applications; no route is sufficiently flexible to
yield all the necessary structures [3]. The selection of a specific
processing route depends on the required microstructure, as
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well as on inherent aspects of the process such as cost,
simplicity, environmental impact and versatility. The main
processing methods for these materials can be divided into
three categories, each one including some variations: the
replication technique, the direct-foaming technique and the
sacrificial template method [4].

In recent years, one of the most promising processing
methods has been the direct consolidation method, in which
a ceramic suspension consolidates inside non-porous molds
through the formation of a physical or chemical gel on cooling
or on heating, without compaction or removal of solvent.
Among them, an innovative non-contaminant colloidal proces-
sing is based on thermal consolidation (at temperatures lower
than 90 1C) by gelling an aqueous ceramic suspension foamed
with globular proteins (i.e. albumin) and the formation of a
macro-cellular ceramic structure after removing organics at
high temperature [1,4,8–11]. This processing method thus
combines the direct-foaming technique with on-site forming
by thermo-gelling a ceramic-protein suspension. Therefore, a
globular protein, an environmental-friendly agent, acts as both
a foaming and binder/consolidator agent of the ceramic
suspension. These properties are associated with the ability
of globular proteins to act as a surfactant reducing the surface
tension of gas–liquid interfaces and thus stabilize the gas
bubbles developed within the suspension (the proteins adsorb
at the air–water interface and their structure unfolds, which
increase the hydrophobicity of the film favoring the foaming),
and form a gel in water after heating to 70–80 1C. The gel
formation is related to the denaturation of the proteins, the
subsequent formation of aggregates and their cross-linking in
order to generate a three-dimensional polymeric network. After
burn-out and sintering treatments, a macro-cellular ceramic
structure is produced in which the number of cells and their
sizes depend on foamed suspension properties and the ability
of protein molecules to stabilize foam before gelling process
occurs (the gas bubbles have to remain occluded into the
ceramic suspension a certain time). When the films surround-
ing these bubbles remain intact until consolidation, a closed-
cell foam is formed, while open-cell foams are produced when
the films are partially broken [3]. In this context, the evaluation
of properties of the wet foams is key because they mainly
determine the characteristics of the cellular microstructure.
Many factors related to protein or other components in the
mixture influence the foam properties; such as protein solubi-
lity and concentration, ionic strength, pH, concentration, type
and form of addition of the processing additives and the
presence of ceramic particles. Moreover, the stability and the
viscoelastic properties of the wet foams depend on bubble size
distribution and bubble morphology.

Numerous papers about protein foams, in particular those
based on albumin, have been published because these systems
play an important role in both food and biotechnological
processes [12–15]. However, a few papers related to the
processing of ceramic materials have been reported, although
the behavior and properties of ceramic-protein wet foams rarely
were evaluated [9–10,16,17]. In this context, both the quality
and the stability of wet foams are critical aspects that should be

studied because they determine, in part, the characteristics and
homogeneity of the developed cellular microstructure.
In this paper, the foaming performance of mullite-albumin

suspensions was evaluated by characterizing their foaming
capacity and foam stability. The results obtained are useful in
order to study the shaping of cellular mullite green bodies
from the thermogelation of foamed aqueous ceramic-protein
suspensions.

2. Experimental procedure

2.1. Raw materials

A high-purity commercial mullite (3Al2O3 � 2SiO2) powder
(MULS, Baikowski, France) was used as the ceramic raw
material. The impurity level determined by wet chemical
analysis was less than 0.2 wt%. The weight percentages of
the elements (expressed in oxides) were also determined from
this analysis. An excess of alumina (even considering that all
the silica calculated is part of the mullite) with respect to the
stoichiometric composition (Al2O3=71.8 wt%, SiO2=28.2 wt
%) was determined. This result is in agreement with the
crystalline phases identified by X-ray diffraction analysis
(XRD) (X’Pert PRO, PANalytical, radiation of CuKα at
40 mA and 40 kV, and at 112θ/min), which are mullite as
primary phase (File 74-2419), and α-alumina (File 82-1399),
θ-alumina (File 11-0517) and cristobalite (File 77-1317) as
secondary phases. In addition, a low intensity band located in
the zone of the more intense diffraction peaks corresponding to
the silica polymorphs (20–30 12θ), which is associated with
non-crystalline silicate phases, was observed. The powder
density value measured by He-pycnometry (Multipycnometer,
Quantachrome Co., USA) was 3.07 g/cm3. This value was
lower than the theoretical densities of the mullite (3.16 g/cm3)
and α-Al2O3 (3.98 g/cm3) due to the contribution of the
crystalline θ-alumina (3.28 g/cm3) and cristobalite (2.30 g/
cm3) phases and the non-crystalline silicate phases (∼2.2 g/
cm3), which have lower densities. On the other hand, the
mullite powder presented a medium crystallinity that was
associated, in part, with the presence of little narrow and
medium height diffraction peaks compared to the characteristic
peaks of diffractograms of the highly crystalline commercial
mullite powders [18]. Based on these results, it can be inferred
that the commercial mullite powder come from a synthesis in
which the total conversion of the starting mixture (ammonium
alum and silica) was not achieved [19]. The powder presented
a bimodal particle size distribution (Mastersizer S, Malvern
Instruments Ltd., UK) with a low mean volume diameter
(D50¼1.46 μm), a high volume percentage (∼30%) of fine
particles o1 μm, and agglomerates up to 50 μm which were
associated with the presence of the very fine particles. These
results together with the powder characteristics and the
identified phases are consistent with the high value of specific
surface area (13.5 m2/g) determined by the BET method
(Monosorb, Quantachrome Co., USA). The field emission
scanning electron microscopy (FESEM, Hitachi S-4700,
Japan) micrograph of the mullite powder is shown in Fig. 1.
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Very small three-dimensional particles, some of them faceted,
with equiaxial morphology, constitute the mullite powder.
Agglomerates of the smallest particles can also be observed,
which is in agreement with the granulometric analysis.

A commercially available bovine serum albumin (BSA;
A7906, Sigma-Aldrich) of high purity (498%), with a density
of 1.27 g/cm3 measured by He-pycnometry (Multipycnometer,
Quantachrome Co., USA), 583 amino-acids, a molecular
weight of 66.5 kDa [20] and an isoelectric point (IEP) around
4.8–5.2 [21,22] was employed as a foaming agent and
consolidator/binder agent of the ceramic suspension.

2.2. Preparation and characterization of aqueous albumin
and mullite-albumin systems

Stable aqueous mullite suspensions (40 vol%; pH=8.7) with
5, 10 and 15 vol% of BSA were prepared by mixing (impeller
mixer with flat blades) mullite and BSA powders (dissolved
previously in water) with 0.45 wt% of commercial ammonium
polyacrylate solution (Dolapix CE-64, Zschimmer & Schwarz,
Germany) as a dispersant, and by homogenization in a ball mill
for 4 h (alumina rods of 9 mm diameter and 9 mm length were
used as milling media in a milling media/mullite ratio of 0.75)
to stabilize the suspension. In addition, aqueous BSA solutions
of 5, 10 and 15 vol% with a phosphate buffer were prepared by
stirring BSA powder in water and 0.45 wt% of Dolapix CE-64
with respect to the solid content for 10 min. Thus, BSA
solutions were prepared in experimental conditions (pH, type
and concentration of dispersant) similar to the aqueous systems
with mullite particles (i.e. mullite-BSA suspensions).

The optimum stability conditions for preparing the aqueous
mullite suspensions were determined by measuring zeta
potential (Zetasizer Nano ZS, Malvern Instruments, UK) and
shear flow properties (Haake RS50, Thermo electron Corp.,
Germany), which were reported in a previous paper [23]. In
this paper, the stability of aqueous mullite-BSA suspensions
was also determined by measuring zeta potential (Zetasizer
Nano ZS, Malvern Instruments, Germany) and shear flow
properties. The zeta potential measurements were carried out
by employing solutions highly diluted (0.01 wt%) with 0.45 wt
% of Dolapix CE-64 as a dispersant and by adding KCl
solution (10�2 M) as an inert electrolyte in order to keep the

ionic force of the solution constant. The pH was adjusted by
hydrochloric acid HCl (10�1 M). From these tests, isoelectric
points (IEP) of aqueous mullite-BSA suspensions were deter-
mined and compared with the mullite one, which was
determined in the same experimental conditions. Viscosity
measurements at room temperature were performed employing
a rotational rheometer (MCR 301 Anton-Paar Physics, Ger-
many) under controlled-rate operating modes with a coaxial
cylinder sensor (gap, 1 mm). A three-stage measuring program
with a linear increase of shear rate from 0 to 1000 s�1 in 300 s,
60 s at 1000 s�1, and further decreasing to zero shear rate in
300 s was used.

2.3. Foaming of aqueous albumin and
mullite-albumin systems

BSA and mullite-BSA wet foams were produced by stirring
at 2300 rpm for 10 min in a graduated acrylic cylindrical
container 76 mm in diameter and 120 mm in height using an
turbine-style impeller mixer with four asymmetric concave
blades of 10 mm in length, 5 mm in width and 1 mm thick.
The blade type was designed from a commercial device and
previously selected from experimental tests (Fig. 2). The
stirring rate was previously selected from foam initial volume
(‘foaming capacity’) measurements (Overrun %, Eq. (4)) using
BSA solutions foamed with the selected impeller mixer at
1700, 2300 and 3400 rpm during 10 min. For every BSA
concentration, the foams generated at 1700 rpm showed the
lowest foam capacities (∼140%) while those obtained at
3400 rpm presented the highest values (250%), with the foam
capacities obtained at 2300 rpm (210%) in the middle. How-
ever, at the highest rate (3400 rpm), the precipitation of
aggregates was observed, which was attributed to the dena-
turation of the protein molecules (two-state transition phenom-
enon for which the protein is unfolded) due to the fact that they
were subjected at a high mechanical shear [21].
Based on these tests and considering that the foaming

capacity obtained at 2300 rpm is adequate in order to prepare
foam ceramic, this rate was chosen as a foaming rate. Four
acrylic blades 6 mm in width and 120 mm in height were
placed inside of the container in order to act as deflector plates.
These deflector plates deviate the turbulent flow during high-
rate mixing and minimize the formation of a vortex generated

Fig. 2. Image of the turbine-style impeller mixer with four asymmetric
concave blades used to create foam.

Fig. 1. FE-SEM micrograph of commercial mullite powder.
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by the centrifugal force acting over the liquid, which enhances
the efficiency of mixing. The impeller was selected taking
into account that the impeller type, among others factors,
determines the foam volume as much as the quality of the
generated foam. Asymmetric concave blades disperses the gas
into the liquid more efficiently than the simple flat blades
because the former distribute the gas throughout the entire
liquid volume from bottom to top, providing better mass
transfer and uniformity throughout the container′s volume. The
container′s geometrical dimensions were established in order
to achieve optimum mixing and foaming from the following
relations [24]:

0:33≤
Bd

D

� �
� nd≤0:5 ð1Þ

di ≈
D

3
ð2Þ

0:15≤
bi
D

� �
� nd≤0:30 ð3Þ

where D is the diameter of the container, Bd is the width of
deflector plates, nd is the number of deflector plates, di is the
diameter of the impeller and bi is the width of impeller blades.

2.4. Evaluation of foamed aqueous albumin and
mullite-albumin systems

Foaming properties were characterized by the initial foam
volume or foaming capacity (i.e. capacity of the continuous
phase to include air or another gas) and the foam volume
decrease by increasing time or foam stability (i.e. the foam′s
ability to retain the gas for a certain period of time). There are
several methods for measuring these properties. One of the
most common (called volumetric method) consists of measur-
ing the height of the foam and liquid by direct readings in a
graduated container (70.5 mm) as a function of time in order
to calculate, with the corresponding volumes, the parameter
called Overrun %. However, in the case of ceramic systems,
the foam and liquid heights cannot be easily visualized due to
the presence of the solid particles suspended in the liquid
phase, which hide the bubbles. So, in these systems, the foam
volume decrease and the rate of fluid leakage from foam as a
function of time cannot be accurately determined by the
volumetric method. On the other hand, it should be also taken
into account that although the volume of foam apparently
remains fixed, the thickness of foam film, the bubble size and
the amount of adsorbed fluid changes gradually with time [25].
Since foams generated from ceramic suspensions consist of a
number of bubbles separated by liquid and solids films,
foaming properties can be estimated by measuring their
electric conductivities. The adsorbed water surrounding the
bubbles is the main conductor medium. Electric conductivity
measurements have been used by some authors to determine
the liquid amount occluded into foams [25–28]. It has been
reported that this method is more accurate in measuring the
liquid trapped within foam than the volumetric method [27]. In

this paper, the foaming capacity and foam stability of both
systems were also determined by measuring their electric
conductivity. Tests were performed using a conductivity meter
(GW Instek SFG-1013; Digital Multimeter Rigol DM3062)
and an electrode of stainless steel parallel plates
12.5� 12.5 mm2 and 0.3 mm thick with a separation distance
of 25.5 mm. An AC carrier effective voltage of 1.0 V was
applied across the electrode at a frequency of 25 kHz. The
electrode was introduced 15.0 mm below the foam surface
located in the graduated container. This kind of electrode
minimizes the perturbation of the foamed system while
maintaining uniform electrical fields between its surfaces.
The shape and size, separation distance, relative position in
the container and excited frequency of the electrical current, all
which determine the current density between electrodes, were
carefully chosen because these factors affect the accuracy of
experimental data [27].
Based on the above, for BSA and mullite-BSA foams, the

value of the Overrun % (relative error ∼10%) at zero time,
determined by measuring the volume, was considered to
evaluate the foaming capacity. Many authors use this para-
meter in order to characterize the amount of air incorporated
into the liquid phase, but there is no widespread agreement on
the way to calculate it [29]. In this paper, the following
equation was considered:

Overrun%¼ 100� VT�VL

VL

� �
ð4Þ

where VT is the total volume (foam volume plus liquid volume)
and VL is the initial liquid volume [30,31].
In addition, variations of this parameter and foam wetness,

ΦFW defined as the ratio between the amount of liquid inside
the foam and the foam volume plus the liquid volume inside
the foam, with stand time, tS (0, 10, 15, 20 and 30 min) were
evaluated in order to study the foam stability. The foam
wetness was calculated using the following equation:

ΦFW ¼ ðVL�VLneÞ
ðVT�VLneÞ

ð5Þ

where VLne is the volume of liquid that is not trapped inside the
foam [32].
Regarding the conductimetric technique, the electric con-

ductivity of the foam (Ci) measured immediately after produ-
cing each foamed system and foam electric conductivity as a
function of stand time, tS (Ct) were used to characterize the
foam density stability (FDS %), which was calculated from Eq.
(6), and time to half collapse, t1/2 (time for which the foam
density stability decreased by 50%) [12].

FDSð%Þ ¼ Ct

Ci
� 100 ð6Þ

On the other hand, ΦFW can also be calculated as a function
of time from the following equation [33]:

Ct

Cs
¼ 2ϕFW

3�ϕFW
ð7Þ
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In general, the parameters calculated from conductivity
measurements showed a relative error of o10%. Bubble size
distributions of foamed BSA solutions and foamed BSA-
mullite suspensions as a function of stand times (0, 10 and
30 min) were obtained by analyzing images captured by
confocal laser-scanning microscopy, CLSM (Nikon C1,
Japan). This technique enables high quality images of the
foams generated from ceramic-protein systems to be obtained,
which is difficult to achieve by optical microscopy. The light
source was an argon ion laser with a λ¼512 nm. Rhodamine B
(tetraethyl rhodamine) 0.1 wt% was used as a water-soluble
fluorescent dye that binds to protein molecules without
interfering with ceramic particles. Thus, the aqueous protein
solution is shown as the lighter phase while air bubbles are
black. Images were corrected by regulating brightness and
contrast. Number-weighted bubble size distributions were
obtained directly from the analysis of the corresponding
images by using image analysis software (Image-Pro Plus
7.0, Media Cybernetics). The characteristic parameters, such as
median bubble diameters, D50 and distribution width (this
parameter was taken as W ¼D90�D10=D50 where D90 and
D10 are the bubble diameters for 90 and 10% of bubbles,
respectively) were determined by analyzing between 100 and
200 objects. The average value of the circularity of bubbles
(4πA/p2) was also determined from measurements of the area
(A) and perimeter (p) of each object.

The results obtained by evaluating the physical and mor-
phological parameters that characterize the foamed systems as
a function of stand time were used in order to determine the
destabilization mechanism of the generated wet foams in the
studied time range. Finally, the influence of the ceramic
particles in the stability of the foams was also analyzed.

3. Results and discussion

3.1. Aqueous mullite and mullite-BSA suspensions

3.1.1. Colloidal stability
The zeta potential (ξ) vs. pH curves of mullite-BSA

suspensions are shown in Fig. 3. In this figure, the results
corresponding to the aqueous mullite suspension were also
included for comparative purposes. From these curves, the
isoelectric point values (IEP) for studied systems were
determined. For the aqueous mullite suspension, a value of
IEP¼7.0 was obtained, while the IEP values were ∼5.0 for all
the mullite-BSA suspensions. The isoelectric point of the
mullite suspension decreased by adding protein. This result
indicates that a specific adsorption of the protein on the mullite
particle surface occurred, and consequently, the particle sur-
face charge was changed [22,34]. The shift in the pH value,
which is a function of the adsorbed protein mass, reached the
saturation value at pH ∼5 since this value corresponds to the
IEP of the protein. According to the IEP (5.0), at the pH value
(8.7) employed in the preparation of the suspensions, the
protein is negatively charged and determines, together with the
used organic dispersant (polyelectrolyte), a potential zeta value
(ξ=�34 mV) for all the mullite-BSA suspensions higher than

that obtained for the aqueous mullite suspension (ξ=�23
mV). Thus, an adequate colloidal stability of the ceramic-
protein system was obtained at pH 8.7. This result indicates
that the aqueous mullite suspension is stabilized through
synergistic interaction of the protein and the polyelectrolyte
(Dolapix CE-64) by an electrostatic and steric stabilization
mechanism. From previous studies carried out with the mullite
powder used in this work [35], it was inferred that not all
adsorption sites are covered by the specific adsorption of the
polyelectrolyte, leaving sites available for protein adsorption.
The obtained results are in agreement with reported data
regarding albumin adsorption on ceramic particles [34]. It
has been determined that the more negative the zeta potential
value of the ceramic material, the higher the absorption of
albumin. The adsorption mechanism is believed to be a
multistep process, where the proteins can be found in many
different conformational states induced by electrostatic inter-
action. It is worth noting that the protein undergoes hardly any
conformational changes in the range of pH employed [22].
Rezwan et al. [22] reported that one side-on monolayer of BSA
(theoretically, a BSA amount of 230 ng/cm2 is required) is
required to completely change the surface charge of ceramic
particle to the surface charge of BSA. They proposed a two-
step adsorption model for BSA on alumina particles at pH 7,
which involves the formation of one side-on monolayer and
the additional adsorption of proteins forming dimers with those
from the first monolayer. This adsorption occurs when the
surface charge of the particle is completely masked and the
IEP cannot shift further than the IEP of the protein (process
based on protein/protein interaction). Taking into account these
reports, the obtained results and the similar chemical and
physical characteristics of the mullite particles with respect to
the studied alumina powder, a two-step adsorption model
for BSA on mullite particles could be assumed. On the other
hand, the influence of others chemical (e.g. foreign groups
chemically bonded with molecules on the surface, molecular
arrangement on the surface) and physical (e.g. capillary
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Fig. 3. Curves of zeta potential (ξ) vs. pH of aqueous mullite suspension and
mullite-BSA suspensions.
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absorption, mechanical trapping on roughness) factors in the
bond strength of the adsorbed protein molecules cannot be
ruled out [34].

3.1.2. Shear flow properties
Shear stress and apparent viscosity curves as a function of

shear rate at room temperature for the aqueous mullite and
mullite-BSA (5, 10 and 15 vol%) suspensions are shown in
Fig. 4a and b, respectively. Apparent and relative viscosity
values of these suspensions are given in Table 1. The relative
viscosity was defined as the ratio of the apparent viscosity of

the mullite-BSA suspension and the apparent viscosity of the
BSA-free mullite suspensions (all the suspensions with 40 vol
% of total solid loading).
The aqueous mullite suspension showed a typical rheologi-

cal behavior of a complex-fluid, exhibiting a slight transition
from pseudoplastic to dilatant behavior for shear rates higher
than 300 s�1 and a progressive decreasing of the viscosity
while maintained for 60 s at the highest shear rate (1000 s�1)
as was reported in a previous work [23]. Moreover, the
suspension presented a low thixotropic thickening (∼170 Pa/
s; measured as the area between the up and down curves),
which can be associated with the high solid loading (40 vol%)
and type of dispersant employed (polyelectrolyte). It is
assumed that ceramic particles form a two dimensional
structure for low shear rates and a disordered three dimensional
structure for high shear rates. When the disordered structure is
maintained at a constant shear rate for a certain time, particles
are rearranged in a more stable two dimensional structure [36].
Additionally, the presence of albumin in the aqueous
mullite suspension changed the global rheological behavior
of the suspension. The apparent viscosity of the mullite
suspension increased notably throughout the entire shear rate
range by increasing the BSA content although this increment
was much more marked at lowest shear rates (Table 1).
Moreover, the dilatancy observed in the mullite suspension
from ∼300 s�1 was decreased and the thixotropic thickening
was significantly increased as the albumin content increased
(2500; 9200 and 31,300 Pa/s for mullite-BSA 5, 10 and 15 vol
%, respectively). The aqueous mullite-BSA (15 vol%) suspen-
sion showed a clear pseudoplastic behavior (the suspension did
not show dilatancy) highly time dependent. This behavior can
be associated with the rearrangement of the ceramic particles
in the flow direction and the extension of the protein
chains preventing the formation of a three dimensional
structure and allowing the formation of a new structure with
a more stable configuration. Moreover, the dependency of the
viscosity with time can be related to the presence of a large
amount of protein also acting as a binder for the concentrated
ceramic suspension.

3.2. Foamed aqueous BSA and mullite-BSA systems

3.2.1. Evaluation of foaming capacity and foam stability of
BSA solutions
The spontaneous adsorption of globular proteins from

solution to the air/water interface is the central factor that
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Fig. 4. Shear stress (a) and viscosity (b) curves as a function of aqueous
mullite-BSA (0, 5, 10 and 15 vol%) suspensions at room temperature.

Table 1
Apparent (η1000 and η10) and relative (ηr) viscosity of aqueous mullite-BSA suspensions.

Systems η10 (mPa s) η1000 (mPa s) ηr (at 10 s
�1) ηr (at 1000 s

�1)

Mullite 41 40 1 1
Mullite-BSA (5 vol%) 521 91 13 2
Mullite-BSA (10 vol%) 538 215 13 5
Mullite-BSA (15 vol%) 1680 646 41 16
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explains their performance as an agent foaming. This phenom-
enon is thermodynamically favorable due to the simultaneous
dehydration of the hydrophobic interface and hydrophobic
portions of the protein. The hydrophobic patches on the
surface of the protein due to the hydrophobic amino acid
residues drive this process, and then, once contacts with the
interface are made, the natural flexibility within the molecules
allow the previously buried hydrophobic portions to become
exposed to the interface leading to interfacial denaturation of
the molecules. Thus, during the adsorption process, the protein
molecule undergoes a change in its conformation, an unfolding
process in which hydrophobic regions of the protein molecule
are reoriented toward the interface. Besides adsorption itself,
others factors, such as heat and the addition of chemical
agents, both of which increase the exposure of the hydrophobic
regions, will increase protein surface activity [37]. In the case
of BSA, it has been reported that the majority of damage
occurs in the tertiary structure of the protein [38]. One of the
main consequences of the protein adsorption at the air/water
interface is its effectiveness at lowering the interfacial energy
or the surface tension at the gas–liquid interface, which
improves the foamability (e.g. the surface tension of the water
is ∼72 mN/m at room temperature, while the equilibrium
surface tensions of the concentrated protein solutions are often
around 45 mN/m) [14]. On the other hand, the electrostatic
interactions also play a significant role in the protein adsorp-
tion process. It has been reported that the foaming properties of
proteins are improved near their isoelectric points where the
zeta potential is null. However, in the case of ceramic-protein
systems, as studied in the present work, it is worth noting that
the value of the zeta potential is determined by the interactions
between the system components (ceramic particles–dispersant
and ceramic particles–protein), and using a suspension pre-
pared at pH value close to the IEP is not recommended since
the system is not sufficiently stabilized in this condition (low
value of zeta potential).

In summary, when air is incorporated into an aqueous
protein solution or into an aqueous ceramic suspension
containing proteins, foam is formed, and it remains stable a
certain amount of time due to protein adsorption at the bubble
surface. Proteins functioning as foaming agents must have the
ability to (a) adsorb rapidly at the air/water interface; (b) show
rapid conformational change and rearrangement at the inter-
face, and (c) form viscoelastic films via intermolecular inter-
actions. The first two requirements are essential for foam
generation, while the third is closely related to the stability of
the foam.
The variation of the Overrun % (parameter determined from

Eq. (4) to characterize the amount of air incorporated into the
liquid phase) as a function of the stand time, tS for aqueous
BSA solutions and aqueous mullite-BSA suspensions prepared
at 2300 rpm are shown in Fig. 5. Curves of foam wetness,
ϕFW vs. stand time for aqueous BSA solutions determined
from volumetric and electrical conductivity measurements and
for aqueous mullite-BSA suspensions determined from
electrical conductivity measurements are shown in Fig. 6a
and b, respectively. The foaming capacity of the different BSA
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Fig. 5. Overrun % as a function of time for foamed BSA solutions and
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solutions (5, 10 and 15 vol%) increased by increasing the BSA
amount because a higher amount of air is incorporated and
entrapped into liquid when the BSA amount increased (Fig. 5).
This parameter was similar for 10 and 15 vol% of BSA
indicating that a limit value was achieved for 2300 rpm. Initial
foam wetness values (ΦFW values at tS¼0) for all BSA
concentrations determined by the volumetric method were
between 0.2070.03 and 0.3170.04 (Fig. 6) and resulted
slightly lower than those obtained from electrical conductivity
measurements (ΦFW¼0.3570.03–0.5070.04). The obtained
range of ΦFW indicates that the generated foams were wet
foams (dry foams have a ΦFW much less than 0.01) [3,21].

Regarding the influence of the stand time, the trend of
Overrun % values showed that in general they remained
constant up to 10–15 min depending on BSA amount and
then, with a further increase in time, the values decreased. The
difference between the initial value of this parameter and the
value achieved after 30 min decreased by increasing BSA
content (19% for 5 vol% of BSA and 8.5% for 10 and 15 vol%
of BSA). This parameter only takes into account the collapse
of the foam due to the exposed film rupture, which can be
considered as the final step in the global destabilization of
the foam.

The ΦFW values (Fig. 6) obtained by both methods
decreased by increasing time until values between 0.06 and
0.15, depending on the method employed, were achieved; in
other words, the foams remained wet even after 30 min (ΦFW

values determined by the conductimetric method were similar
for the three BSA concentrations). It is worth noting that foam
wetness fractions decreased significantly (in general greater
than ∼50% of its initial value) during the first 10 min, and
then, with a further increase in the time, the diminution of ΦFW

values was much slower. In particular, the behavior of ΦFW

values determined by the conductimetric method indicates that
for lowest BSA amount, ΦFW decreased more quickly during
the first 10 min than the others concentrations that showed
similar behavior. Therefore, the analysis of the variation of
foam wetness fraction with the stand time revealed, unlike the
Overrun %, that a certain degree of foam destabilization
associated mainly with drainage of liquid phase occurred from
the first minutes after its generation. Also, FDS % values
(parameter that characterizes the foam density stability which
was calculated from Eq. (6)) for BSA foams (Fig. 7) strongly
decreased for up to about 15 min, independently of the protein
concentration as was already determined by ΦFW variation
with the stand time. However, the decrease rate of this
parameter, which can be related to the drainage rate, was
lower for the highest BSA concentration. In addition, the
values of the time to half collapse (t1/2) (Table 2) depended on
the BSA concentration, with the order 15 vol% 410 vol%
45 vol%., which is in agreement with the fact that concen-
trated protein solutions give slightly more stable foams than
dilute solutions. After 30 min, FDS % was less than 15% for
all the BSA foams, indicating that practically all the bubbles
had collapsed.

It is well known that the drainage involves physical
separation between the gaseous and liquid phases of the foam

due to gravity′s effect. In draining foams, light bubbles move
upwards forming a denser foam layer on the top, while the
heavier liquid phase is concentrated on the bottom. Foam
drainage depends on the foam network geometry and proper-
ties related to liquid flow (e.g. density and viscosity). How-
ever, wet foams are thermodynamically unstable systems due
to their gas–liquid interfacial area, and consequently, several
physical processes besides drainage take place in them which
decrease the overall system′s free energy and leads to their
destabilization. Besides drainage (creaming), the main foam
destabilization mechanisms include the independent but inter-
related processes of coalescence of neighboring bubbles due to
rupture of interbubble lamellae (film rupture) and join of two
bubbles to generate a bigger bubble, and Ostwald ripening,
which is a coarsening process caused by interbubble gas
transport (disproportionation). The protein layer adsorbed onto
the bubbles’ surface imparts surface rigidity as well as
electrostatic and steric repulsive interactions between bubbles
which prevent coalescence. The more rigid the bubble sur-
faces, the lower the driven shear flow through channels.
Moreover, slower drainage delays coarsening due to thicker
film and less pressure gradients between bubbles. Thus, the
drainage rate is controlled by the size of the Plateau borders as
well as the rheological properties of the bulk liquid and gas/
liquid interfaces. Contrary to dry foams, in wet foams drainage
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Fig. 7. Foam density stability (FDS %) as a function of time for foamed
aqueous BSA solutions and mullite-BSA suspensions.

Table 2
Time to half collapse (t1/2) values for foamed aqueous BSA
solutions and mullite-BSA suspensions.

Systems t50 (min)

BSA (5 vol%) 1.28
BSA (10 vol%) 2.20
BSA (15 vol%) 5.37
Mullite-BSA (5 vol%) 13.40
Mullite-BSA (10 vol%) 11.10
Mullite-BSA (15 vol%) 13.06
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Fig. 8. Confocal laser-scanning microscopy images of BSA foams (5, 10 and 15 vol%) (a) and mullite-BSA (5, 10 and 15 vol%) foams (b) at tS¼0, 10 and 30 min.
(Bars¼200 μm).
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occurs first as a result of the thick interstitial films, and only
when these films become thinner do coalescence and
coarsening occur.

Based on the above, the bubble size distributions as a
function of the stand time must be considered alongside the
evaluated parameters, in order to complete the analysis of the
stability of foams and thus to establish their global destabiliza-
tion mechanism. Confocal laser-scanning microscopy images
of the foams captured as a function of stand time are shown in
Fig. 8, and the characteristics parameters of bubble size
distributions are given in Table 3. The features of these
distributions are dictated by the interfacial properties and the
thickness of the film between bubbles. Concurrence between
the bubble expansion kinetics and the setting of the structure
controls the foam cell size. For tS¼0, all the BSA foams
presented the lowest mean bubble diameter (D50) and width
(W) of bubble size distributions. In general, for each stand time
analyzed, except for 30 min, the D50 slightly increased and the
width of the bubble size distributions remained approximately
unchanged by increasing the BSA amount. In particular, for
the highest time analyzed (30 min), the mean bubble diameter
did not change by increasing the protein content. In addition,
for all the BSA contents, D50 and W of the bubble size
distributions increased by increasing the stand time. This
behavior can be associated mainly with the occurrence of
Ostwald ripening and coalescence due to the thinning of the
bubble films. Ostwald ripening process involves gas transfers
from small bubbles to large ones; therefore, big bubbles are
growing while small bubbles are shrinking and bubbles of
intermediate size either grow or shrink, which explains the
increase of the bubble distribution width. In general, the
registered changes were more marked between 0 to 10 min.
However, for 15 vol% of BSA, the increase of the mean
bubble size was less significant. This result could be associated
with the assumption that in this foam the drainage of the liquid
phase occurred more slowly and thus delayed the coarsening
due to thicker lamellae between bubbles. This explanation
could be also supported if it is taken into account that the
viscosity of the protein solutions generally increase exponen-
tially with protein concentration, which is attributable to
increased interaction between the hydrated protein molecules.

On the other hand, the value of circularity (0.9870.02) of
bubbles determined for all BSA foams at tS¼0 indicates that
initially, the bubbles presented a high degree of sphericity,

which agrees with the fact that every foam formed was wet
(wet foams with high area of liquid–gas interface tend to adopt
a spherical morphology). This morphologic parameter did not
show any significant change by increasing time.
Based on the analysis of obtained results concerning BSA

foams, it can be assumed that their destabilization occurred
mainly by drainage during the first minutes of stand time and
before 10 min, the destabilization can already be attributed to
coalescence and Ostwald ripening events of bubbles affecting
bubble size distribution (increase of D50 and W). However, the
joint occurrence of these last processes with the drainage of the
liquid phase cannot be ruled out. In protein foams, it is most
likely that several of the destabilization mechanisms are
occurring simultaneously [14].

3.2.2. Influence of mullite particles on BSA foam properties
Modifications that increase the foaming solution viscosity

increase the foam stability by decreasing drainage rate [14].
However, the viscosity should not be so high as to strongly
reduce the foaming capacity. Thus, the presence of ceramic
particles in the protean aqueous system modified both aspects
– the foaming capacity and the stability – of BSA foams. As
expected, for all the BSA amounts, the foaming capacity of the
protein in presence of the mullite particles (Fig. 5) decreased,
which is in agreement with the increase of the liquid phase
viscosity (Fig. 4). The greatest decrease of foaming capacity
was for the lowest BSA amount (5 vol%) and was similar for
10 and 15 vol% of BSA. As with BSA foams, the foaming
capacity for aqueous mullite-BSA (10 and 15 vol%) suspen-
sions was similar, with both significantly higher than the
suspension with 5 vol%. However, if the variation of the
Overrun % as a function of the stand time is taking into
account, the presence of mullite particles did not substantially
change its global behavior with time, which would indicate
that the ceramic particles did not promote the stabilization of
the foam. Fig. 5 shows that the Overrun % remained constant
during the first 10–15 min and then slightly decayed to become
nearly invariable after 20 min.
Contrary to that determined from Overrun %, the analysis of

the remaining evaluated parameters revealed that the ceramic
particles changed the properties of the BSA foams and also
improved their stability. In Fig. 6b, it can be observed that the
initial mullite-BSA foam wetness value (ϕFW at tR¼0)
calculated from electric conductivity measurements increased

Table 3
Bubble size distribution parameters as a function of stand time.

Systems D50 (mm) W

0 min 10 min 30 min 0 min 10 min 30 min

BSA (5 vol%) 0.12 0.15 0.18 1.1 1.8 3.9
BSA (10 vol%) 0.10 0.17 0.24 1.1 2.5 1.8
BSA (15 vol%) 0.17 0.19 0.19 1.2 1.9 2.0

Mullite-BSA (5 vol%) 0.10 0.10 0.13 1.1 1.7 1.6
Mullite-BSA (10 vol%) 0.06 0.09 0.11 1.3 1.5 1.5
Mullite-BSA (15 vol%) 0.05 0.10 0.14 1.3 1.3 1.4
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as a function of the BSA concentration (0.3–0.5), but these
values were only slightly higher than those measured in
foamed protein solutions with the same concentration. Thus,
the foam wetness values obtained indicated that initially these
foams were also wet foams. In the same way as in BSA foams,
the foam wetness decreased by increasing the stand time,
although this diminution occurred more slowly when mullite
particles were present. Moreover, in all the range of analyzed
time, the mullite-BSA foams were wetter than the correspond-
ing protein foams. At 30 min, the mullite-BSA foams pre-
sented liquid fraction values about 0.2, higher than the foams
produced from BSA solutions. Also, foamed mullite-BSA
systems showed higher values of FDS % and a slower fall
of this parameter with the stand time than BSA foams (Fig. 7),
although the protein amount did not produce a significant
effect on this parameter. Values of FDS % greater than 50%
were registered at tR¼10 min for all the BSA amounts. After
30 min, in all the mullite-BSA systems, FDS % was higher
than 30%. In addition, the values of the time to half collapse
(t1/2) (Table 2) were significantly higher (11–13 min) than
those obtained in BSA foams, although, these values remained
rather independent of the BSA concentration. The bubbles
immersed in the mullite suspension maintained the structural
integrity for a longer stand time as this effect is less dependent
on the protein concentration than in the case of the BSA
solution. In particular, this fact can be associated with a higher
viscosity of the liquid phase which can slow down the drainage
rate due to a slower flowing of liquid through the foam
network [15].

On the other hand, the mullite-BSA foams in general
presented similar mean bubble sizes as a function of time,
independent of the BSA concentration (Fig. 8 and Table 3). In
all the mullite-BSA foams, lower mean bubble sizes and more
uniform (lower W) bubble size distributions than the corre-
sponding BSA foams were determined. This difference was
more significant for the highest BSA concentration, which is in
agreement with the fact that this suspension achieved the
highest viscosity value. Moreover, for each BSA amount, the
mean bubble size and width of bubble size distribution
increased by increasing time, although this increment was
not as pronounced as in the case of BSA foams. In spite of a
smaller initial bubble size that can contribute to longer foam
drainage [15], the obtained results can be attributed to the
increase of the liquid phase viscosity produced by adding solid
particles. In addition, the decrease of the evaluated parameters
after the first 10 min together with the analysis of bubble size
distributions as a function of the time can be mainly
associated, as occurred in BSA foams, with the coarsening
and coalescence processes, which more slowly operated than
in the foamed protean system. Furthermore, in mullite-BSA
foams, the occurrence of these processes together with the
drainage of the liquid phase cannot be ruled out.

4. Conclusions

The studies carried out on the chemical and physical
properties of aqueous mullite-albumin suspensions and

foaming performance of this system are of great use for
processing cellular ceramic materials by direct consolidation.
From the analysis of the colloidal stability of non-foamed

aqueous mullite-BSA suspensions, it was assumed that the
mullite suspension is suitably stabilized through synergistic
interaction of the protein and the dispersant by electrosteric
stabilization, in which a two-step adsorption of protein chains
onto mullite particles occur. On the other hand, the apparent
viscosity of the aqueous mullite suspension notably increased
throughout the entire shear rate range by increasing the protein
amount, with this increment much more marked at lowest
shear rates. In addition, the dilatancy observed in the mullite
suspension was decreasing, and the thixotropic thickening was
significantly increasing by increasing the albumin content,
which was associated with the rearrangement of the ceramic
particles in the flow direction and extension of the protein
chains, which could favor the formation of new and more
stable structures.
The presence of ceramic particles in the protein foams

decreased the foaming capacity and increased the stability of
these foams. The bubbles immersed in the mullite suspension
maintained this structural integrity for a longer stand time due
to the higher viscosity of the liquid phase produced by adding
solid particles that can slow down drainage rate. For both BSA
foams and mullite-BSA foams, an increase in the protein
content produced an increase in the foaming capacity. In all the
range of analyzed time, the foam wetness and FDS % values of
mullite-BSA foams were higher than the corresponding protein
foams, and its decrease as a function of time occurred more
slowly. In general, when mullite particles were present, the
influence of the protein amount on foam properties was not so
significant. Lower mean bubble sizes and more uniform bubble
size distributions than the corresponding BSA foams were
generated in all the mullite-BSA foams. The increase of both
parameters by increasing time was lower than in the case of
BSA foams.
Based on the results obtained, it was assumed that the foams

destabilization occurred mainly by drainage during the first
minutes of stand time, and before 10 min, the destabilization
was attributed to coalescence and Ostwald ripening events,
although the simultaneous occurrence of these processes
cannot be ruled out. The presence of mullite particles
significantly decreased the rate of these processes.
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