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Proteins and polysaccharides are widely used in food formulation. While most of the proteins are surface
active, only few polysaccharides can adsorb at the air-water interface; this is the case of propylene glycol
alginates (PGA). It is known that casein glycomacropeptide (CMP), a bioactive polypeptide derived from
K-casein by the action of chymosin, presents a great foaming capacity but provides unstable foams. So,
the objective of this work was to analyze the impact of mixing CMP and a commercial variety of PGA,
Kelcoloid O (KO), on the interfacial and foaming properties at pH 7.0. It was determined the surface
pressure isotherm, the dynamics of adsorption and the foaming properties for CMP, KO and the mixed
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Foam improved the viscoelastic properties of surface film. The foaming capacity of CMP was altered by KO. KO
foam presented a higher stability than CMP foam and it controlled the stability against drainage and the

initial collapse in the mixed foam.
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1. Introduction

Several processed foods are multiphase systems which contain
two or more immiscible phases (aqueous, oil, or gas) in the form of
foams and emulsions. Foams are heterogeneous systems consisting
of a gas phase dispersed into an aqueous phase, for example, air
in water. The interest in understanding the physical and chemical
mechanisms responsible for the foam formation and stability has
increased in recent years since most consumers appreciate the soft
and creamy mouth sensations triggered by foam structures. The
formation and stability of foams is generally achieved through a
protective interfacial layer of surface-active substances around the
air bubbles.

Casein glycomacropeptide (CMP) is a heterogeneous fraction
of peptides formed by the action of rennet on k-casein and next
to B-lactoglobulin and a-lactalbumin is the most abundant pro-
tein/peptide (20% and 25% of the proteins) in whey products
manufactured from cheese whey [1,2]. The formulation of foams
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containing CMP is of great interest because of possible health-
promoting benefits [1-3]. Additionally, CMP lacks Phe in its amino
acid composition, so it is suitable for nutrition for people suffering
from phenylketonuria [1].

It is known that CMP has great foaming capacity which may be
accounted for by the high surface activity of CMP as compared to
other whey proteins, like 3-lactoglobulin [4,5]. However foams are
unstable [6,7]. There exist non-glycosylated (aCMP) and glycosy-
lated (gCMP) forms of CMP with values of pl close to 4.1 and 3.15,
respectively [8].

CMP fractions (both aCMP and gCMP) were studied by Kreuf3,
et al. [8,9] for their foaming and emulsifying properties, respec-
tively. They found that aCMP showed better interfacial properties
than gCMP and that the pH influenced some of these properties
especially near to pl.

Therefore, to use CMP in foamed products a good strategy must
be developed to improve foam stability. Polysaccharides are gener-
ally used to this end because they impart viscosity to the foam, thus
retarding its destabilization. Nevertheless, some specific polysac-
charides exhibit surface activity that allows the formation of stable
foams. Propylene glycol alginates (PGA) are an example of polysac-
charides used in food foams, such as beer. PGA is a derivative of
the reaction between propylene oxide and alginic acid to produce
a partial ester with 50-85% of the carboxyl groups esterified. The
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interfacial and foaming properties of these polysaccharides were
previously studied [10]. The stability of the foams formed by PGA
depends on the combined effect of molecular weight and degree
of esterification, on the viscosity and also viscoelasticity of the
adsorbed film.

The aim of this work was to study the effect of propylene glycol
alginate addition on CMP foams and interfaces.

When a protein adsorbs at a fluid interface in the presence of
a surface-active polysaccharide, like PGA, in conditions of bulk
thermodynamic incompatibility (i.e. pH above protein pl) three
phenomena can occur [11]:

(1) The polysaccharide adsorbs at the interface and increases the
surface pressure in competition with the protein (competitive
adsorption). It has been reported the competitive adsorption
between proteins and low-molecular-weight surface active
agents such as monoglycerides [12,13], lecithins [14], surfac-
tants [15,16] and surface active polysaccharides like propylene
glycol alginates [17].

(2) The complexation of the polysaccharide with the adsorbed pro-
tein at the interface [18], which can occur by slight electrostatic
or hydrophobic interactions.

(3) The existence of a limited thermodynamic compatibility
between protein and polysaccharide which provokes an
increment of the adsorbed macromolecules concentration
[17,19-22].

2. Materials and methods
2.1. Single and mixed solutions

BioPURE GMP casein glycomacropeptide was provided by
DAVISCO Foods International, Inc. (Le Sueur, Minnesota). Its com-
position was: protein (dry basis) 79.0% being CMP 86.3% of total
proteins, fat 0.6%, ash 6.3% and moisture 6.4%. Kelcoloid O (KO) is
a commercial variety of propylene glycol alginate and it was pro-
vided by ISP Alginates (San Diego, CA, United States). The degree of
esterification of KO, given by the supplier, is high (78-85%).

CMP and KO solutions were prepared freshly by
dissolving the proper amount of powders in Trizma
(CH,0H)3CNH;/(CH,0H)3CNH3Cl  (Sigma, >99.5%) buffer at
pH 7.0, and Milli-Q ultrapure water at room temperature and
stirring for 30 min. lonic strength in all the experiments was
0.05M. The CMP:KO mixed systems were prepared by mixing
the appropriate volume of each protein solution up to achieve a
required concentration. Finally the solutions were kept 24 h at 4°C
before measurements.

The materials in contact with the protein solutions were
properly cleaned in order to avoid any contamination by any
surface-active substance. The absence of surface-active contami-
nants in the aqueous buffered solutions was checked by surface
tension measurements before sample preparation. No aqueous
solutions with a surface tension other than that accepted in the
literature (72-73 mN/m at 20 °C) were used.

2.2. Surface pressure isotherm

Surface tension measurements were used to determine the
adsorption of KO and the adsorption of CMP in the presence of
KO at the air-water interface at equilibrium. The surface pressure
isotherm of CMP was determined previously [4]. These measure-
ments were registered with a Sigma 701 digital tensiometer (KSV
Instruments Ltd., Finland), based on the Wilhelmy plate method,
with a roughened platinum plate, as described elsewhere [23].

KO solutions in an increased range of bulk concentrations from
1 x 10~* to 1 wt% were used to obtain the KO adsorption isotherm at
pH 7.0. CMP solutions of increasing concentrations from 5 x 10~7 to
5 wt%in the presence of a KO bulk concentration constantat 0.5 wt%
were used to determine the adsorption isotherm of the mixed sys-
tems. Prior to the measurements, the solutions were allowed to age
during 24 h at 4°C to achieve the biopolymer adsorption.

The temperature was maintained constant at 20°C within
+0.5°C by a circulating Heto thermostat. A device connected to the
tensiometer recorded the reduction in surface tension, y, continu-
ously. Equilibrium was assumed when the pressure did not change
by more than 0.1 mN/m in 30 min. Surface activity was expressed
by the surface pressure (Eq. (1)): 7eq = Y0 — Veq, Where, Yo and yeq
are the aqueous subphase surface tension and the surface tension
at equilibrium of the protein or polysaccharide solutions, respec-
tively. Some experiments were replicated three or four times. It was
found that eq could be reproduced to +£0.5 mN/m.

2.3. Interfacial dynamic properties

The existence of interactions between CMP and KO at the
air-water interface was determined by monitoring the dynamics
of surface pressure (1) of single components and the mixed sys-
tems. Time-dependent surface pressure and surface viscoelastic
parameters of adsorbed KO and mixed systems CMP:KO films at
the air-water interface were obtained with an automatic drop ten-
siometer (TRACKER, IT Concept, Longessaine, France) as described
elsewhere [24,25].

The aqueous solutions of KO or CMP:KO were placed ina 15 pL
glass Hamilton syringe equipped with a stainless steel needle and
then in a rectangular glass cuvette (5mL) covered by a compart-
ment, which was maintained at constant temperature (20+0.2°C)
by circulating water from a thermostat, and was allowed to stand
for 30min to reach constant temperature and humidity in the
compartment. Then a drop of KO or CMP:KO mixed solutions
(5-8 L) was delivered and allowed to stand at the needle tip for
about 180 min to achieve biopolymer adsorption at the air-water
interface. The image of the drop was continuously taken from a
CCD camera and digitized. The surface tension (y) was calculated
through analyzing the profile of the drop [24]. The surface pressure
is m=y0 — y, where y is the surface tension of protein solutions.

The surface viscoelastic parameters (surface dilatational mod-
ulus, E, and its elastic, E4, and viscous, Ey, components) were
measured with the same drop tensiometer [25] as a func-
tion of time, t, at 10% deformation amplitude (AA/A) and
100 mHz of angular frequency (w). The method involved a peri-
odic automated-controlled, sinusoidal interfacial compression and
expansion performed by decreasing and increasing the drop vol-
ume, at the desired amplitude. The sinusoidal oscillation for surface
dilatational measurements were made with five oscillation cycles
followed by a time of 50 cycles without any oscillation up to
the time required to complete adsorption. The average standard
accuracy of the surface pressure is roughly 0.1 mN/m. However,
the reproducibility of the results (for two measurements) was
better than 0.5%. The surface dilatational modulus derived from
the change in interfacial tension (dilatational stress), o (Eq. (2)):
o =09 sin(wt+§), resulting from a small change in surface area
(dilatational strain), A (Eq. (3)): A=Ag sin(wt), and may be described
by Eq. (4): E=do[(dA/A)=—dmr[dInA [26], where o( and A are the
stress and strain amplitudes, respectively, and § is the phase angle
between stress and strain.

The dilatational modulus is a complex quantity and it is com-
posed of real and imaginary parts (Eq. (5)): E=Eq +iE,. The real
part of the dilatational modulus or storage component is the dilata-
tional elasticity, Eq = |[E| cos 8. The imaginary part of the dilatational
modulus or loss component is the surface dilatational viscosity,
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Ey = |E|sind. The ratio (0¢/Ap) is the absolute modulus (E), a mea-
sure of the total unit material dilatational resistance to deformation
(elastic + viscous). For a perfect elastic material the stress and strain
are in phase (§=0) and the imaginary term is zero. In the case of a
perfectly viscous material, § =90° and the real part is zero.

2.4. Foaming properties

The determination of foaming properties (foam formation and
foam stability) was performed using a commercial instrument
(Foamscan™, Teclis, Logessaigne, France). This instrument allows
us to characterize the foam formation, the foam volume stabil-
ity and the drainage of liquid from the foam by conductimetric
and optical measurements as it was described in a previous work
[27]. The foam is generated by blowing gas (nitrogen) at a flow
of 45 mL/min through a porous glass filter (pore diameter 0.2 pm)
at the bottom of a glass tube where 25 mL of the foaming aqueous
solutionis placed. In all experiments, the foam was allowed to reach
a volume of 120 mL. The bubbling was then stopped and the evolu-
tion of the foam was analyzed. Foaming properties were measured
at 20 £+ 1°C. The generated foam rises along a thermostated square
prism glass column, where its volume is followed by image analysis
using a CCD camera. The amount of liquid incorporated in the foam,
the foam homogeneity, and the liquid drainage from the foam are
followed by measuring the conductivity in the cuvette containing
the liquid sample and at different heights in the glass column by
mean of electrodes.

Two parameters were determined as a measure of foaming
capacity. The overall foaming capacity (OFC) was determined from
the slope of the foam volume curve up to the end of the bubbling.
The foaming capacity (FC), which is a measure of gas retention in
the foam, was determined by Eq. (6): FC=(Vioam(r))/(Vgas(r)), Where
Vioam(f) is the final foam volume, Vg, is the final gas volume
injected, respectively.

The static foam stability was determined from the volume of
liquid drained from the foam over time [28]. The half-life time (t;3 ),
referring to the time needed to drain half of the volume of the liquid
in the foam, was used as a measure of foam stability.

The foam stability was also determined by following the devel-
opment of the bubble size in the foam. The foamscan apparatus is
equipped with a second CCD camera set having a macro objective
to capture the variation of the air bubble size of the foam every 5s
at a foam height of about 10 cm (half of the foam height).

All the experiments were performed in duplicate. The reported
values are the average and standard deviation of them.

3. Results and discussion
3.1. Surface pressure isotherm of KO

Fig. 1 shows the effect of KO concentration (Ckg) on the equilib-
rium surface pressure at pH 7.0. As for proteins [4,29,30] and other
polysaccharides [31] true equilibrium adsorption does not seem to
be possible with this polysaccharide, therefore it was assumed the
pseudo equilibrium value for the surface pressure measured after
24h.

The behavior observed for KO solutions at pH 7.0 was sigmoidal
which is typical for biopolymers and surfactants [20,31-33]. The
surface pressure increased with KO concentration, showing surface
activity from bulk concentration of 1 x 10~4 wt%.

The surface pressure increased slightly from 1x 104 to
1 x 10~2 wt% and then the slope increased strongly. An inflexion
pointis observed at 1 x 10~1 wt% (C;). As it was explained in a pre-
vious work [4] this inflexion point in the 7-C isotherms is related
with a change in the conformation of the adsorbed macromolecule
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Fig. 1. Surface pressure isotherm for KO. Temperature 20°C, pH 7.0 and I=0.05 M.

[31,34]. So, at surface pressure below 11 mN/m () KO would
adopt and expanded structure and above this surface pressure a
more condensed conformation would be attained.

Pérez et al. [31] studied different types of hydroxypropyl-
methyl-celluloses (HPMC) and they found similar values of surface
pressure as KO for the higher concentrations, however HPMC
showed lower transition concentrations compared with KO. The
differences in C.; and 7 are related to molecular features and
with the molecular mass (PGA <HPMC).

The monolayer saturation was not reached even at 1 wt% bulk
concentration, as indicated by the absence of a plateau [20,32].

3.2. Surface pressure isotherm of CMP in the presence of KO

CMP:KO interactions at the air-water interface were analyzed in
mixed systems as a function of CMP concentration (from 5 x 10-6
to4 wt%)and at constant KO concentration (of 0.5 wt%). Fig. 2 shows
the surface pressure isotherm for CMP in the presence of KO. In this
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Fig. 2. Surface pressure isotherm for (W) CMP alone and (A) CMP in the presence of
KO (0.5 wt%). The dotted line corresponds to the equilibrium surface pressure value
of KO at 0.5%. Temperature 20°C, pH 7.0 and I=0.05 M.
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Fig. 3. The transient surface pressure () for (M) CMP 4 wt%, (O) KO 0.5 wt% and
(A) CMP:KO at concentration 4 wt%:0.5 wt% adsorbed at the air-water interface.
Temperature 20°C, pH 7.0 and I=0.05 M.

figure it was also plotted the surface pressure isotherm of pure CMP
[4] for comparison purpose.

It is possible to observe that KO determined the equilibrium
surface pressure of the mixed systems at CMP concentrations lower
than 0.1 wt%, showing the mixed systems surface pressure values
close to the solution of KO at 0.5wt% (dot line in Fig. 2), which
is the concentration used in the mixtures. At CMP concentrations
above 1 wt%, the surface activity was clearly dominated by CMP. The
influence of CMP on the surface pressure of the mixture is evident
in Fig. 2 from a ratio CMP:KO higher than 2:1.

3.3. Adsorption dynamics

For the dynamic interfacial measurements as well as for foam
formation, CMP and KO concentrations of 4 wt% and 0.5 wt% respec-
tively were used. According to Fig. 2 in these conditions the
equilibrium surface pressure of mixture is dominated by CMP.

The dynamics of adsorption of KO and the mixed system with
CMP was determined by measurements of surface pressure (7r) over
time. The evolution of the surface pressure of this mixed system as
well as of CMP and KO alone is shown in Fig. 3.

Surface pressure immediately increased after drop formation.
This behavior is associated with the adsorption of the protein
[35-37] and the polysaccharide [10,17] at the air-water interface.
The surface pressure of CMP-KO solution was closer to single CMP
(Fig. 3). As KO is less surface active than CMP at these concentra-
tions, the replacement of CMP at the interface by KO resulted in
lower surface pressure. Nevertheless a competitive behavior exists
between both macromolecules during adsorption.

The main step of the kinetics of adsorption of macromolecules
include [34,38-40]: (i) the diffusion of the macromolecule from the
bulk onto the interface, (ii) adsorption (penetration) and interfacial
unfolding, and (iii) association (rearrangement) within the inter-
facial layer, multilayer formation and even interfacial gelation. At
low surface concentration, surface pressure is low and molecules
adsorb irreversibly by diffusion. Thus, during the first step, at rela-
tively low surface pressures, when diffusion is the rate-determining
step (if  value is lower than 10 mN/m), a modified form of the Ward
and Tordai equation can be used to correlate the change in surface
pressure with time [41] (Eq. (7)): 7 =2CoKT (Dgigt/3.14)1/2, where
Cp is the concentration in the aqueous phase, K the Boltzmann con-
stant, T the absolute temperature, Dg;sr the diffusion coefficient, and
t the adsorption time. If the diffusion at the interface controls the

Table 1
Rate constant of diffusion (kg) for KO, CMP and CMP:KO mixture at 20°C, pH 7.0
and at ionic strength 0.05 M.

kaige (MNm~1s702)2 (LR)

CMP >76.72 + 1.21°
KO 0.31 + 0.04 (0.944)°
CMP:KO >66.23 + 3.12°

LR: Linear regression coefficient.
2 Mean =+ standard deviation.
b Calculated from the slope of the first point of a plot of 77 against time'/2,
¢ Calculated by Eq. (7).

adsorption process, a plot of 77 against time!/2 will then be linear
[38,42-44] and the slope of this plot will be the diffusion rate (kgjgr).
For KO solution it is possible to use the Eq.(7), which means that the
adsorption kinetics of KO to the air-water interface is controlled by
the diffusion step, which is in agreement with previous results for
this and other polysaccharides [10]. The opposite was observed for
CMP (4wt%) [4] and the mixed system, which showed a diffusion
step too fast (7>10mN/m) to be detected by this experimental
technique. These results suggest that the adsorption kinetics of
the protein and the mixed system at these concentrations was not
driven by the diffusion step. As it was explained in a previous work
on CMP [4] for initial v values higher than 10 mN/m, it was possible
to obtain an estimation of the diffusion rate constant (kgs) from the
slope of the first point in a plot of 7 against time!/2. The values of kgt
are shown in Table 1. CMP and the mixed system showed a very fast
and similar diffusion that is characteristic of low-molecular-weight
surfactants [32,45]. It is possible to conclude that CMP dominates
at the beginning of the adsorption process because the values of
kgise for CMP and the mixed system were similar and much higher
than the value of kg for KO.

After the diffusion step, to analyze the rate of adsorp-
tion (penetration) and rearrangement of adsorbed biopolymer
a semi empirical first-order equation (Eq. (8)) was used [35]:
In[(7r180 — 7¢)/(T180 — 7o )] = —k;-t, where g9, o, and 7, are the
surface pressures at 180 min of adsorption time, at time t=0, and
at any time ¢, respectively, and k; is the first-order rate constant.
In practice, a plot of Eq. (8) usually yields two or more linear
regions. The fit of the experimental data to obtain the rate of adsorp-
tion/penetration (k,qs) was made at a time interval based on the
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Fig. 4. Time-dependent surface pressure of (B) CMP, (O) KO and (A) the mixed
system CMP:KO adsorbed films according to the rate of adsorption, unfolding, and
penetration at the air-water interface. Concentration of KO alone and in the mixed
system: 0.5 wt%. Concentration of CMP alone and in the mixed system: 4 wt%. Tem-
perature 20°C, pH 7.0 and I=0.05 M.
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Table 2
Rate constant of adsorption (k,qs) and rearrangement (k) for CMP, KO and CMP:KO
mixture at 20°C, pH 7.0 and ionic strength 0.05 M.

Kags x 10% (s 1) (LR) ke x 104 (s~1)? (LR)

CMP 2.56 + 0.32 (0.996) 7.62 + 0.47 (0.940)
KO 2.55 + 0.03 (0.994) 5.65 + 0.09 (0.984)
CMP:KO 2.50 + 0.09 (0.996) 507 + 0.63 (0.976)

LR: Linear regression coefficient.
4 Mean + standard deviation.

best linear regression coefficient. The initial slope is taken to cor-
respond to a first-order rate constant of adsorption/penetration
(kags), and the second slope corresponds to a first-order rate con-
stant of biopolymer rearrangement (k;), occurring among a more
or less constant number of adsorbed molecules.

Fig. 4 shows the fit of experimental data to Eq. (8) for the
three systems studied and Table 2 shows the rate constants for
adsorption/penetration and rearrangement obtained from Fig. 4.
Regarding the rate of adsorption/penetration it was observed sim-
ilar values for pure components and the mixed system, while the
rearrangement rate was faster for CMP, a phenomenon that can be
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Fig. 5. Time-dependent (A) surface dilatational elasticity, Eq, and (B) surface dilata-
tional viscosity, E,, for () CMP, (O) KO and (A) CMP:KO mixed system adsorbed
at the air-water interface. Concentration at the pure solution and mixed system:
4 and 0.5wt% for CMP and KO, respectively, Frequency 100 mHz. Amplitude of
deformation: 10%. Temperature 20°C, pH 7.0 and I=0.05 M.
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Fig. 6. (A) Overall foam capacity (OFC) and (B) foaming capacity (FC) for foam gen-
erated from aqueous solutions of CMP, KO and the mixed system. Concentration at
the pure solution and mixed system: 4 and 0.5wt% for CMP and KO, respectively.
Error bar are standard deviations of mean values. Bubbling gas: nitrogen. Gas flow:
45 mL/s. Temperature 20°C, pH 7.0 and I=0.05 M.

attributed to the great flexibility of the molecule of CMP [9]. Addi-
tionally, the value of k; for the mixed system was lower than that of
CMP indicating that the presence of KO and CMP at the air-water
interface lowers the rate of rearrangement.

3.4. Viscoelastic properties of CMP, KO and CMP:KO films

Fig. 5 shows the rheological properties (E; and Ey) of CMP,
KO and CMP:KO surface films. The values of Eq increased with
time according to biopolymer adsorption. The pure components
presented similar values of E4 (Fig. 5A) while the mixed system
CMP:KO showed a higher value. This behavior indicates a syn-
ergistic effect between CMP and KO in relation to the elasticity
of the film. Similar results were obtained by Baeza et al. [46] in
mixed systems of B-lactoglobulin and PGAs and they explained
their results in terms of concentration of the protein at the interface
due to incompatibility with the polysaccharide, Moreover, it could
occur complexation between both macromolecules leading to an
increased film thickness with the consequent increase in the elas-
tic modulus. Others authors [47] found results similar to Baeza et al.
[46] with an increase in film thickness in BSA/PGA mixed systems
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plot is indicated the t;, of drainage of the foam. Bubbling gas: nitrogen. Gas flow:
45 mL/s. Temperature 20°C, pH 7.0 and [=0.05 M.
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Fig.8. Foam volume as a function of time for foam generated from aqueous solutions
of (---) CMP, (---) CMP-KO and (---) KO. Concentration at the pure solution and
mixed system: 4 and 0.5 wt% for CMP and KO, respectively. Bubbling gas: nitrogen.
Gas flow: 45 mL/s. Temperature 20°C, pH 7.0 and I=0.05 M.

which was attributed to polysaccharide association with protein in
the adsorbed layer.

The viscous component (Fig. 5B) was also higher for the mixed
system compared to pure components although in this case the E,
value of KO was higher than the E, value of CMP.

As KO is hydrophobic [47] and CMP has hydrophobic regions
[8] they could interact strengthening interfacial film. The improve-
ment of the interfacial rheology by complexation between proteins
and polysaccharides has been reported [48-52].

3.5. Foaming capacity

Fig. 6 shows the overall foaming capacity which is a measure
of the rate of foam formation and the foaming capacity which is
a measure of the ability of each solution to retain the gas pass-
ing throughout. There is no significant difference between CMP
and mixed foam for both parameters; however, OFC and FC val-
ues were lower for KO foam. It could be observed that the presence
of a low concentration of KO in the CMP solution did not decrease

the efficiency of CMP on foaming.

3.6. Foam stability

Fig. 7 shows the change of the liquid volume in the foam that
first increases during bubbling and then decreases due to liquid
drainage during foam ageing. The variation of the liquid volume in
the foam during its generation shows the presence of three stages

[53]:

(i) an entrainment stage, when the liquid transfer from the bulk
phase to the foam is dominant and the solution is transferred
into the foam following a linear law up to the end of the bub-
bling,

(ii) a steady stage, when entrainment and drainage phenomena
are balanced and no liquid is transferred in the foam,

(iii) a drainage stage, when drainage phenomena are dominant
so the liquid volume in foam decreased and the bulk phase
increased.

In the curve corresponding to CMP foam (Fig. 7A) the steady
stage was not present because as soon as the maximum liquid vol-
ume is reached the destabilization of the foam starts. However, the
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CMP 4%/

KO 0.5%

Fig. 9. Light micrographs showing the development with time of air bubbles determined in foams generated from aqueous solutions of CMP, KO and the mixed system
CMP-KO. Concentration at the pure solution and mixed system: 4 and 0.5 wt% for CMP and KO, respectively. Temperature 20°C, pH 7.0 and I=0.05 M.

steady stage was present for CMP-KO and KO foams being more
extensive for the mixed foam (steady stage for CMP-KO foam ~72 s,
steady stage for KO foam ~46s) indicating that the mixed system
(Fig. 7B) was more stable at the beginning of the drainage, result-
ing in a more stable foam, which is in agreement with the results
of t1, indicated in each plot. Regarding these values of t,, KO
foam presented much higher stability than CMP foam and the more
relevant result was observed for the mixed system which showed
the highest stability against drainage. This result suggests that KO
controls the drainage stability of the foam. Moreover a synergic
effect in the mixed system CMP-KO is apparent. Additionally, it
is possible to relate this higher stability against drainage for the
mixture with the higher E4 and E, values observed in Fig. 5. In
fact, it has been reported that the elastic and viscous behavior at
the air-water interface are key parameters in determining foams
stability [54-57].

The decrease of foam volume over time (Fig. 8) was similar
for foams of single CMP or KO, up to 200s; after that time CMP
foam volume decreased faster than KO foam and totally collapsed
at 700s. The mixed foam was initially much more stable against
collapse than KO or CMP foams. After 400 s foam volume decrease
accelerated and the foam totally collapsed at around 850ss.

Fig. 9 shows the images of KO, CMP-KO and CMP foams through-
out aging time (500 s for KO and CMP-KO foams and 300 s for CMP
foam). The images of the bubbles clearly reveal the high homo-
geneity and stability of air bubbles in KO foam as compared to CMP
foam. The mixed foam looks more stable than CMP foam but it was
more heterogeneous than KO foam indicating the influence of CMP
on the structure of the bubbles but also the influence of KO that
delays the increase of bubbles and foam collapse.

4. Conclusions

The addition of the surface-active polysaccharide (0.5 wt%) did
not alter the foaming capacity of CMP (4 wt%) but strongly increased
foam stability against drainage and collapse. Moreover, the liquid
drainage and the initial foam collapse of mixed foam were much
more retarded than what could be expected from the behavior of
foams of single CMP or KO. This behavior could be related to the

synergistic increase in the dilatational elasticity (Eq) and viscosity
(Ey) of mixed films, which could be more resistant to drainage and
rupture.

Thus the use of PGA in CMP foams could be a good strategy to
improve its stability.
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